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SUMMARY

The influence of changes in precursor region flow properties
(resulting from the absorption of radiation from the shock layer)
on the entire shock-layer flow phenomena is investigated. The
axially symmetric case is considered for both the preheating zone
(precursor region) and shock layer. The flow in the shock layer
is considered to be viscous with chemical equilibrium but radiative
nonequilibrium. Realistic thermophysical and spectral models are
employed, and results are obtained by implicit finite difference
and iterative procedures. The results indicate that precursor
heating increases the radiative heating of the body by a maximum

of 7.5 percent for 1ll6-km entry conditions.
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. . . . * *
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1. INTRODUCTION

Radiation plays a very important role in the analyses of flow
phenomena around an entry body at high-speed entry conditions. In
many instances, the radiative energy transferred to the body exceeds
the convective and aerodynamic heat transfers (refs. 1-10).
Radiative energy transfer from the shock layer of a blunt body
into the free stream reduces the total enthalpy of the shock layer
while increasing the enthalpy of the free-stream gases. Because
of this increase in enthalpy, the entire flow field ahead of the
shock layer and around the body is influenced significantly. The
precursor flow region is considered to be the region ahead of a
shock wave in which the flow field parameters have been changed
from free-stream conditions due to absorption of radiation from
the incandescent shock layer. Most of the radiative energy trans-
ferred from the shock layer into the cold region ahead of the
shock is lost to infinity unless it is equal to or greater than
the energy required for dissociation of the cold gas. When the
photon energy is greater than the dissociation energy, it is
strongly absorbed by the cold gas in the ultraviolet continuum
range. The absorbed energy dissociates and ionizes the gas, and
this results in a change of flow properties in the precursor
region. 1In particular, the temperature and pressure of the gas
is increased while velocity is decreased. The change in flow
properties of the precursor region, in turn, influences the flow
characteristics within the shock layer itself. The problem,
therefore, becomes a coupled one, and iterative methods are

required for its solution.

Only a limited number of analyses on radiation-induced pre-
cursor flow are available in the literature. Works available
until 1968 are discussed, in detail, by Smith (ref. 11). By
employing the linearized theory of aerodynamics, Smith investi-
gated the flow in the precursor region of a reentry body in the
Earth's atmosphere. The cases of plane, spherical, and cylin-

drical point sources were considered, and solutions were obtained



for a range of altitudes and free-stream conditions. It was

found that for velocities exceeding 18 km/s, precursor flow
effects are greatest at altitudes between 30 and 46 km. It

was further concluded that preheating of air may cause an

order of magnitude increase in the static pressure and tempera-
ture ahead of the shock wave for velocities exceeding 15 km/s.

In a preliminary study, Tiwari and Szema (ref. 12) investigated
the change in flow properties ahead of the bow shock of a

Jovian entry body resulting from the absorption of radiation

from the shock layer. The analysis was done by employing the
small perturbation technique of classical aerodynamics as well

as the thin layer approximation for the precursor region. By
employing appropriate thermodynamic and spectral data for the
hydrogen/helium atmosphere, variations in precursor region flow
quantities (velocity, pressure, density, temperature, and enthalpy)
were calculated by the two entirely different methods. For Jovian
entry conditions, one-dimensional results obtained by the two
methods were found to be in good agreement for the range of
parameters considered. It was found that preheating of the gas
significantly increases the static pressure and temperature ahead
of the shock for entry velocities exceeding 35 km/s. It was con-
cluded that for certain combinations of entry speeds and altitudes
of entry, the precursor effects cannot be ignored while analyzing
flows around Jovian entry bodies. Specifically, it was seen that
at an altitude of 95 km, the precursor effects are important for
entry velocities greater than 35 km/s.

In the analyses of most shock-layer flow phenomena, the con-
tribution of radiation-induced precursor effects usually is neg-
lected. However, a limited number of analyses which include this
effect are available in the literature. Lasher and Wilson (refs.
13, 14) investigated the level of precursor absorption and its
resultant effect on surface radiation heating for the Earth's
entry conditions. They concluded that, for velocities less than
18 km/s, precursor heating effects are relatively unimportant in

determining the radiative flux reaching the surface. At velocities



greater than 18 km/s, the amount of energy loss from the shock
layer and resultant precursor-heating correction was found to
be significantly large. Liu (refs. 15, 16) also investigated
the influence of upstream absorption by cold air on the stag-
nation region, shock layer radiation. The thin layer approxi-
mation was applied to both the shock layer and the preheating
zone (the precursor region). The problem was formulated for
the inviscid flow over smooth blunt bodies, but the detailed
calculations were carried out only for the stagnation region.
The general results were compared with results of two approxi-
mate formulations. The first approximate formulation neglects
the upstream influence, and the second one essentially uses the
iterative procedure described by Lasher and Wilson (refs. 13,
14). The results are compared for different values of a
radiation/convection parameter. A few other works, related to
the effects of upstream absorption by air on the shock-layer
radiation, are discussed by Liu (refs. 15, 16). Some works on
precursor ionization for air as well as hydrogen/helium

atmosphere are presented in references 17 through 21.

The first purpose of this study is to investigate the flow
properties in the entire precursor region ahead of a Jovian
entry body. To accomplish this, the precursor region is assumed
to be thin, and the flow in this region is considered to be
inviscid. 1In this respect, therefore, the proposed study may
appear as an extension of the analysis presented in reference 12.
Next, it 1s proposed to investigate the influence of changes in
the precursor region flow properties on the entire shock-layer
flow phenomena. The flow in the shock layer is considered to be
viscous and in chemical equilibrium. The solutions of the
governing viscous shock-layer equations are obtained by employing
the numerical procedures outlined in reference 9 and 22. It
should be emphasized again that the flow phenomena in the shock
and precursor regions are coupled, and iterative procedures are
needed for finding solutions. In this respect the proposed

investigation differs from the analysis presented in reference 12.



The basic formulation of the problem is presented in section
2. Radiation absorption models and radiative flux equations are
given in section 3. The data required for finding the solutions
of the governing equations are given in section 4, and the
solution methods are presented in section 5. The results are
obtained for the Jupiter's entry conditions and for an entry
body which is a 45° hyperboloid. Precursor as well as shock-

layer results are discussed in section 6.
2. BASIC FORMULATION

The physical model and coordinate system for a Jovian entry
body are shown in figure 2.1. The entire flow field ahead of the
body can be divided essentially into three regions: the free
stream, the precursor region, and the shock layer. The flow
properties are considered to be uniform at large distances from
the body. In this section, basic governing equations and the
boundary conditions are presented for the precursor as well as

shock-layer regions.

2.1, Precursor Region
In this region, the flow is considered to be steady and
inviscid. With reference to the coordinate system shown in figure
2.1, the governing equations for an axisymmetric flow can be
written as (refs. 12, 23)
Mass continuity:

(3/3s) (pur) + (3/9n) (pvXxr) = 0 (2.1)

Momentum:

Il
o

plu(au/ss) + Xv(su/sn) - Kuvl + (3p/9s) (2.2)

Il
o

plu(av/ss) + v(dv/dn) + Ku?] + X(dp/9dn) (2.3)



Energy:
pL(u/x) (3H/3s) + v(3H/3n)] + (Xr)” [(3/3n) (Xrqy)] = 0 (2.4)
Species continuity:

pL(u/%) (3C/3s) + v(dC /3n)] - K, = 0 (2.5)
where K = K(s) = l/Rs, X =1 + Kn. It should be noted that,
according to the notations used in figure 2.1, all gquantities
appearing in the above equations should have a prime superscript
(i.e., u', v', p', H', etc.), and all physical coordinates
should have a superscript * (i.e., s*, n*, r*, etc.).
However, for the sake of clarity, these notations have been

omitted from the equations.

If the precursor region is assumed to be thin, then one can
make the approximation that (n/Rs) << 1, (3/9s), (3/3n), and R
is not a function of n. In this case, X = 1, and equations
(2.1) through (2.5) reduce to

(3/9n) (pv) = 0 (2.6)
pv(d3u/dn) = 0 (2.7)
ov (3v/3n) + (3p/dn) = 0 (2.8)
pv (dH/3n) + (BqR/Bn) =0 (2.9)
pV(Bca/an) - Ka =0 (2.10)

The boundary conditions for this region are the free-stream
conditions and the conditions at the outer edge of the shock.
For the coupled precursor/shock-layer flow phenomena, the boundary
conditions at the outer edge of the shock are obtained through
iterative procedures. '



2.2. Shock-Layer Region

In this region, the conditions for which the present analysis
is carried out are that the flow is axisymmetric, steady, laminar,
and compressible. It is further assumed that the gas is in the
local thermodynamic and chemical equilibrium, and that the tangent
slab approximation is valid for radiative transport. For this
region, the viscous shock-layer equations presented in references
9 and 22 are a set of equations that are valid uniformly through-
out the shock layer. The methods of obtaining these equations are
discussed in detail in the those references. First the conservation
equations are written for both the inviscid and the boundary-layer
regions in the body-oriented coordinate system. Then these equa-
tions are nondimensionalized in each of the two flow regions with
variables which are of order one. Terms in the resulting sets of
equations are retained up to second order in the inverse square
root of Reynolds number. Upon combining these two sets of
equations so that terms up to second order in both regions are
retained, a set of equations uniformly valid to second order in
the entire shock layer is obtained. The nondimensional form of
the viscous shock-layer equations that are applicable in the

present case can be written as

Continuity:

(3/3x) [(x + vy cos @)pu + (8/3y) (1 + yk)(r + y

x cos 0)pv] = 0 (2.11)
X-momentum:
_u  du du uvk 1 23p
p(l + yK °ox tv oy + 1+ YK) + 1 + yk 9x

= o2} 0 (35 __uK ) 2k cos 6
€ {3Y[u 5y T+ y<)| " u(l T yc T T ¥y cos ©

'(%3 T I trlKYK)} | (2.12)

10



y-momentum:

u ov v _ _u’k ) ) (2.13)
p(l + yK 9ox tV ey T T oyx 55
Energy:
3" 3HY _ . 3p , pku’v
p(l + yK 9% tv y) Vay T 1+ yK
N N_
s aC,
Y T V) G _ W am
€{E)Y[Pr oy Pr i By g_:_ hJ +Pr (Pr 1)u v
N
_ _uku? + ( K + cos 6 ) u 3H _ u zf b aC,
1+ yx 1+ yk r + y cos 6/|Pxr dy Pr = i By
Ns o
L du uKu 39R
- h.J, + == (Px - 1 = - -
g;l i7i * pz (Px Ju oy I + YK]} [ 3y
+ ( K 4+ Sos e)
IR\T + yx r (2.14)
where H = h + u?/2.

The terms

as

X = x*/R;

y = y*/R¥

r = r*/R;

K = K*/ (M 0fChe
ag = qﬁ/(p;V;’)
h = h*/v*?

Ji = J* */“ref

used to nondimensionalize the above equations are defined

v = v*/V*
p = p*/p
= */uref
cp = CE/C&°°
Href = ﬁ*(v;z/C;w)
kK = k*/R¥
e = [utg/ (oxvirs)] 12 (cont d )
11
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p = p*/ (pxvi?) Pr = Chu*/K*
2 = _kCkD* . /R*
T = T*C_./V% Le,y = p*CADY /K
u = u*/v* L.. = p*C*D¥./K* (2.15)
/ ® 1J p 1] (concl'd.)

In equation (2.14), J represents the mass flux relative
to the mass average velocity and is given by the expression
(refs. 24, 25)

NI
- T
J, = - (W/Pr) é;& b; ¢ (8C,/8y) + (L;/T) (3T/3y) (2.16a)
where
_ Le;, i =K
Big =1 -
1 Ab i #K

e B @)

AbiK = Lei -

NT
(M; /M) Le, . + [l-(Mi/MK)];giLeijcj

The last term in equation (l6a) represents the contribution of
thermal diffusion. The quantity Leij represents the multi-
component Lewis number, and Lij represents the binary Lewis
Semenov numbers; both are defined in equation (2.15). If thermal
diffusion can be neglected and Li' can be taken as constant

for all species, then equation (2.16a) reduces to

12



3; = - (W/Pr)Ly,(ac,/dy) (2.16b)

In the present study, use is made of equation (2.16b), and the

value for Lij is taken to be 1.1 (ref. 26).

The expression for the equation of state for a hydrogen/

helium mixture is given by Zobi et al. (ref. 27) as

T*

CT[(p*/1013250)l/(p*/0.001292)K] (2.17a)

o
*
i

= CH[(p*/1013250)m/(p*/0.001292)n](RTO/M) (2.17b)

where

K = 0.65206 0.04407 ln(XHz)

2 = 0.67389

0.04637 2n(X,. )
H2

m = 0.95252 0.1447 2n(XH2)

n = 0.97556

0.16149 &n(X.. )
Ho

U, =V _sin 6[1 + 0.7476(1—XH2)]

2 3
cTy = -545.37 + 61.608 Ut - 22459 Ut + 0.039922 Ut

- 0.00035148 U; + 0.0000012361 Ué

CHU = 5.6611 - 0.52661 Ut + 0.020376 Ui - 0.00037861 Ué

+ 0.0000034265 U; - 0.000000012206 Ué

0
Il

CTU + 61.2(1 - X__ )

H2

9]
I

CHU - 0.3167(1 - X_ )
Ho )
13



and XHz represents the mole fraction of H,.

The set of governing equations presented above has a
hyperbolic/parabolic nature. The hyperbolic nature enters
through the normal momentum equation. If the shock layer is
assumed to be thin, then the normal momentum equation can be

expressed as
pu®k/(1 + yx) = (3p/3y) (2.18)

If equation (2.13) is replaced with equation (2.18), then the
resulting set of equations is parabolic. These eguations can,
therefore, be solved by using numerical procedures similar to

those used in solving boundary-layer problems (refs. 9, 22).

In order to solve the above set of governing equations, it
is essential to specify appropriate boundary conditions at the
body surface and at the shock. At the body surface, the no-slip
boundary conditions are used in this study. Thus, the following

conditions are imposed at the body surface:
u=v=20 (2.19)

T = Tb = constant (2.20)
The conditions in front of the shock are obtained from the
solution of the precursor region flow field. The conditions
immediately behind the shock are obtained by using the Rankin-
Hugoniot relations. The nondimensional form of the shock

relations are expressed as

Mass continuity:

P Vé- = = gin a (2.21)

14



Momentum:

ué_ = cos a (2.22)

Pg- = Pg+ + sin® all - (1/p )] (2.23)
Energy:

h- = h_y + [sin®(a/2)1[1 - (1/pZ-)] (2.24)

Note that in the above equations ué and vé represent the
velocity components in the shock-oriented coordinate system.
The relations for ug and Vg in the body-oriented coordinate
system can be obtained from

u, = ué sin(o + B) + vé cos(a + B) (2.25)

Vg = T ué cos{o + R) + vé sin(a + B) (2.26)
The governing equations and the boundary conditions pre-

sented in the above two subsections essentially describe the

flow field in the precursor/shock-layer regions. In the next

two sections appropriate relations for the radiative flux,

thermodynamic and transport properties, and equilibrium composi-

tion of the gas will be presented.
3. RADIATION MODELS

An appropriate expression for the radiative flux dg is
needed for the solution of the energy equation presented in the
previous section. This requires a suitable transport model and
a meaningful spectral model for variation of the absorption
coefficient of the gas. In this section, appropriate expressions
for the spectral and total radiative flux are given and informa-
tion on the spectral absorption by the hydrogen/helium gas is

presented.

15



3.1. Radiative Flux Equations

The equations for radiative transport, in general, are
integral equations which involve integration over both frequency
spectrum and physical coordinates. In many physically realistic
problems, the complexity of the three-dimensional radiative
transfer can be reduced by introduction of the "tangent slab
approximation." This approximation treats the gas layer as a
one-dimensional slab in calculation of the radiative transport.
Radiation in directions other than normal to either the body or
shock is neglected in comparison. Discussions on the validity
of this approximation for planetary entry conditions are given

in references 28 to 32.

As mentioned earlier, the tangent slab approximation for
radiative transfer is used in this study. It should be pointed
out here that the tangent slab approximation is used only for
the radiative transport and not for other flow variables. For
a nonscattering medium and diffuse nonreflecting bounding surfaces,
a one-dimensional expression for the spectral radiative flux is

given by (refs. 33, 34):
qu(Tv) = 2mie [B (0)Es(T ) - B (1, )Es(T, - TV)]

TO\)

T
+f\’ B, (£)Ez (1, - t)dt —f B, (£)E2 (t - 7 )dt (3.1)
O

T
v

where

y
T\)‘({ o,(y")dy’

1 -
By (8) = [ exp - £/u™ " ay

B, = (hv3/c?) [exp (hv/KT) - 1]

16



The quantities Bv(O) and Bv(Tov) represent the radiosities
of the body surface and shock respectively.

The expression of total radiative flux is given by
= .2
dg of dp,, (T,)4d, (3.2)

To obtain specific relations for the total radiative flux for

the precursor and shock-layer regions, it is essential to know
the spectral absorption characteristics of the absorbing-emitting
species in these regions.

In the precursor region, the radiative contribution from
the free stream usually is neglected. For a diffuse, nonreflecting
shock front, the expression for one-dimensional radiative flux

for this region is obtained from equations (3.1) and (3.2) as

dg(n) = 2_[ {qv(O)Ea(Kvn)
fe)
+ va{ B,(T)Ez [k (n - n')ldn'}av (3.3)
where qv(O) = eVnBv(Ts). In obtaining the above equation it was

assumed that the absorption coefficient Ky is independent of
position.

The information on the spectral absorption model for hydrogen/
helium species in the precursor region is given in reference 12
and is briefly discussed in subsection 3.2. The model essentially
consists of approximating the actual absorption of active species
by three different step models. For this model, equation (3.3)
can be expressed as (ref. 12):
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v

N 21 3 v
ag(n) = 21y {(15/7°)q(0)Es(k;n) ff [v¥/(e” - 1)ldv
i=1 Vii
n Vai

]

*+¢; J Balegn =01 [ B (T4 dn (3.4)
o Vii

where v = h\)/KTS and g(0) = ecT;. In writing the above equation

it has been assumed that the shock front radiates in the pre-

cursor 2zone as a gray body.

In the shock layer, the radiative energy from the bow
shock usually is neglected in comparison to the energy absorbed
and emitted by the gas layer. This implies that the transparent
shock front does not absorb but emits radiation. The expression
for the net radiative flux in the shock layer, therefore, is given

by

ag = 26f q, (0)Es (1) +6f B, (t)Ez (1, - t)dt

TO\)
-J B (£)Ez2(t - 7))at|dv (3.5a)
T

Vv

In this equation, the first two terms on the right represent
the radiative energy transfer towards the bow shock while the
third term represents the energy transfer towards the body.

Upon denoting these contributions by q; and qi, equation

(3.5a) can be written as
+ -
9r = 9r T 9R (3.5b)
A few spectral models for absorption by the hydrogen/

helium species in the shock layer have been proposed in the
literature (refs. 35 to 37). For Jovian entry conditions,
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the absorption by helium usually is neglected. The spectral
absorption of hydrogen species was represented by a 58-step
model by Sutton (ref. 36) and was approximated by a 30-step
model by Tiwari and Subramanian (ref. 37). The results of these
step models are compared with the detailed model of Nicolet (ref.
35) in reference 37. The 58-step model proposed by Sutton is
employed in this study. The details of radiative absorption and
computational procedure are given in references 36 and 37. The
information en spectral absorption by this model is summarized
in subsection 3.2. In essence, the step model replaces the
frequency integration in equation (3.5) by a summation over

58 different frequency intervals. In each interval, the
absorption coefficient is taken to be independent of frequency.

For this model, equation (3.5) can be expressed as

N

-_— [ y L} ?
ag = 2ﬂ;§i eva(Tw)Eg g~ av(y )dy

v _
+f a, (8)B,(E)E, fy av(y')dy']di
o |k

Y

s £
- av(E)Bv(E)Ez[ av(y')dy':’di} (3.6)
Y Y

where Yg denotes the shock location and N represents the
number of spectral intervals. In each of the jth intervals,
the absorption coefficient is assumed constant while the Planck
function is not. In accordance with equation (3.5b), equation
(3.6) can be expressed in terms of q; and qi, and for a

gray body one finds
qg (¥) = (4mh/c )j2=:1 eF(vj.Tw).EaLfyavj (y')dy']

Y

y
+6fy(KT/h) F(vj,T)avj(E)Ez[g

avj(y')dy'JdE} (3.7a)
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Y
N s E
q;(y) - - (4'1Th/Cz)Z f (KT/h)'* F(VJ,T)(X\)JEZ[f Oij (Y')

j=1 1y :
x dy']dg (3.7b)
where
VjZ
Fvy.T,) =j\)'_ {v®/[exp (hv/KT_) - 1]}dv

]1

V..
F(vj,T) =~f 32{v3/[exp(v) - 1}}dv, v = hv/KT
V.
jl

From the knowledge of the temperature distribution normal
to the body, equations (3.7) can be solved by numerical integration
over frequency and space. The final temperature profile is
obtained through an iterative procedure. Use of equations (3.7)
is made in obtaining the radiative flux towards the body and shock

as well as the net radiative flux.

For evaluation of the radiative flux, usually it is essential
to express the exponential integrals En(t) in simpler approximate
forms. Quite often, these integrals are approximated by
appropriate exponential functions (refs. 33, 34). In this study
it was established that better results are obtained if the
exponential integrals are expressed in series form for small and
large arguments. The series expansion of the exponential integral

of first order is given as

For t < 1:

t? t?
- 0.5772 - &n t + t - 357t 3rayT teo - (3.8a)

Ei(t)

For t > 1:

apg + a1t + azt2 + a3t3 + tu

exp (-t) ' (3.8b)
t(bo + bit + bot? + bst?® + t*)

E1(t)
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where

ag = 0.26777343 by = 3.958469228
a; = 8.63476089 by = 21.09965309
az = 18.059016973 bz = 25.63295614
as = 8.57322874 bs = 9.5733223454

Relations for exponential integrals of higher order are obtained
by employing the recursion relations given in reference (34).

3.2. Radiation Absorption Model

Appropriate spectral models for gaseous absorption are needed
for solutions of the radiative flux equations. Information on
spectral absorption by the precursor and shock-layer species is
presented in this subsection.

3.2,1. Spectral absorption model for precursor region: - In

the precursor region, the photoionization absorption coefficient
is a continuous nonzero function of photon energy (because of
bound-free transition) for all values of photon energy that exceed
the ionization potential of the atom. Similar remarks apply to
the photodissociation and radiative recombination. A critical
review of ultraviolet photoabsorption cross sections for molecules
of astrophysical and aeronomic interest, available in the litera-
ture up to 1971, is given by Hudson (ref. 38). Specific infor-
mation on photoionization and absorption coefficient of molecular
hydrogen is available in references 38 to 44.

Photoionization and absorption cross sections of H,, as
obtained from references 38 to 44, are plotted in figure 3.1.
From this figure it is evident that the ionization continuum
starts at about 804 g and continues towards lower wavelengths.
Between the wavelengths of 600 R and 804 g, the absorption cross
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section for the ionization continuum is included in the total
absorption (i.e., absorption due to ionization as well as
dissociation). For wavelengths below 600 i, however, the
ionization continuum absorption is equal to the total absorption.
The total absorption cross section for the continuum range

below 804 i can be closely approximated by the two rectangles

(I and II) shown in the figure with broken lines. The ratio of
the ionization cross section to the total absorption cross-
section (i.e., the value of YI) is taken to be unity for
rectangle I and 0.875 for rectangle II. For wavelengths greater
than 804 A (where hv is below ionization energy), the value

YI is taken to be zero. Little information is available in

the literature on the absorption cross section for dissociation
of H, molecules. There is strong evidence, however, that
photodissociation starts at about 2600 i and continues towards
lower wavelengths to about 750 g (refs. 39 to 41). There are
also a few diffuse bands in this spectral range (refs. 39, 41).
Thus, it becomes difficult to evaluate the absorption cross
section in this spectral range. For this study, the absorptlon
cross section in the spectral range between 804 A and 2600 A was
approximated by rectangle III. The specific values of o (v)

for the three rectangles are found to be OI(V) = 4.1 E-18,
GII(v) = 8.2 E-18, and oIII(v) = 2.1 E-18. The value of YD is
taken to be zero for rectangle I and 0.125 for rectangle II. The
numerical procedure for employing this model in the radiative
flux equations is discussed in detail in reference 12 and is

summarized in section 5.

3.2.2. Spectral absorption model for shock layer: - As

mentioned earlier, the 58-step model proposed by Sutton (ref. 36)
for spectral absorption by the hydrogen species in the shock

layer is employed in this study. For atomic hydrogen, all three
transitions (bound-bound, bound-free, and free-free) are
considered. The total absorption of the jth step is a summation
of the average absorption for the ith transitions in the jth
step, i.e.,
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Kj =Zi|<ij (3.9a)

v.t+Av,

_ 5 I
Kij = (l/Avj)af A (3.9b)
J

Ky = f(T,Ni,v) {(3.9c)

where N, represents the number density in cm™3.

FPor the free-free transition, the absorption coefficient

is calculated by

Ho = (2,618 - 35NN,/ (virt/2) (3.10)

The absorption coefficient for bound-free transitions is

calculated by employing two separate relations as

4
cpg = (1.99E - 14) Ng/v*) 3 (1/n)) exp(Ca),

. l1<n, <4 (3.11a)
pg = (6.31E = 20) (TN_/v?) exp(Cz) exp(Cs),

5<n, 2 Ny nax (3.11b)
where

Ci = (-157780/T) [1 - (1/n})]
C2 = (-157780/T) (1 - §/13.6)
Cs = [(157780/T) (1/25 - §/13.6)1 - 1
§ = (1.79 - 5) x¥/7) /(27

In the above equations, n, represents the principal quantum
numbers, ¢ is the reduction in ionization potential in eV,
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and the values 157780 and 13.6 are the ionization potential
°K and eV

respectively.

The bound-bound transitions are included for principle

quantum numbers up to five. The absorption coefficient is

calculated by using the relation

“pb

SL(v)

where S 1is the line strength and L(v) is the line shape

factor. The line strength is given by the relation

S =

(

1.10E - 16)fn;N expl[(-157780/T) (1 - 1/n§)]

H

The line shape factor is given by the relation

L(v)

wher
ere v

i

= Y/‘ﬂ[yz + (v - VO)Z]}

s the frequency at the line center and o is

the line half-width, and these are given by

<
Il

The constan

t

13.6[(1/n;) - (1/n;)]
all.O5E 15(n§ - nE)Ni/3]

a 1in the above equation is taken to be 0.642

for the first line and unity for the remaining lines.

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

The absorption coefficients for the free-free and bound-

free transitions of the negative hydrogen are

KH_
ff

H
bf

- 3
(6.02E 39)NHNe/v

(2.89E - 17)(B* - 4B8% + 3.64B2% + 0.738) N-

where B = 1.502/v. The threshold for the bound-free transi-

tion of H_
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The absorption coefficient for molecular hydrogen in the

jth step is obtained in accordance with equation (3.9) and is

AAAAAAAAA P
cexprLcoocu as

~H»
K.
J

fj(T)NHz (3.19)

where fj(T) is dependent on the particular step. The molecular

bands cover the steps from 7 to 17 eV.

Further details on constructing the step-function model and
utilizing it in the radiative flux equations are given in
references 36 and 37.

4., PHYSICAL CONDITIONS AND DATA SOURCE

For this study, the entry body is considered to be a 45°
hyperboloid blunt body which enters the Jovian atmosphere at a
zero degree angle of attack. The body nose radius, Rﬁ, is
taken to be 23 cm. The body surface is assumed to be gray having
a surface emittance of 0.8, and the surface temperature is taken
to be uniform at 4,000 °K.

4,1. Free-Stream Conditions

Information on Jupiter's atmospheric conditions are avail-
able in reference 45, and some of these are illustrated in
figure 4.1. For different altitudes of entry, the free-stream
conditions used in this study are given in reference 12 and are
summarized in table 4.1. The free-stream atmospheric composi-
tion is assumed to be 85 percent hydrogen and 15 percent helium
by mole fraction. The temperature of the atmosphere is taken
to be constant at 145 °K, and the free-stream enthalpy is given
by the relation H_ = 1.527 RT_. The number density of hydrogen
can be calculated by the relation

= 22
NH2 = (7.2431172 x 10 )(pm/Tm)XHz (4.1)
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where XH is the mole fraction of H; and p_ has units of
2
N/m?.

Table 4.1. Altitudes of entry and free-stream
conditions for Jovian entry.

73
Z v Peo T, P, PV oo €

[e]

km cm/sec g/cm? K dync/cm?

116 3.909E6 4.65E-7 145 2.44E3 2.777E13 0.006645

143 4.517E6 1.27E-7 145 6.66E2 1.17E13 0.01272
190 4,.736E6 1.33E-8 145 69 1.412E12 0.03930
225 4.756E6 2.50E-9 145 13 2.69E11 0.09064
261 4.758E6 4.53E-10 145 2.38 4.879E10 0.2129

4.2. Gaseous Composition of Precursor

and Shock-Layer Regions

Initially the gas composition ahead of the shock is, of
course, the free-stream composition. Absorption of high intensity
radiation from the shock, however, produces H, Ht, and electrons
in the precursor region as a result of photodissociation and
photoionization. Any other species which may be produced usually
are neglected. Thus, the precursor gas is considered to be a
mixture of H,, He, H, Ht, and e~ . Further information on pro-
duction of these species in the precursor region is available

in reference 12.

The shock-layer gas is assumed to be in chemical equilibrium
and is taken to be a mixture of eight chemical species, H2, H,
#t, ™, He, H;’ He't, and e~. The number density of these

species are obtained by considering five chemical reactions as
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l. He < 2H

2. H b H+ + e~

3. He 2 He' + e

4, Het < He++ + e

5. H T H + e _ (4.2a)

In general, these reactions can be expressed by

>

Y ajA; £ biB, (4.2b)

The number densities (particle/m3) are related to the equilibrium
constant for the jth reaction by

_ b; as
,Kj = [IIN l(Bi)]/[HN l(Ai)] (4.3)

The equilibrium constants are calculated from the species partition
function, and for the five chemical reactions they are found to
be (ref. 36)

fn K, = 52.2042 + 0.5 &n T

+ &n{l - exp(-6331/T)] - 51964/T

4n K, = 35.4189 + 1.6 ¢n T - 157810/T
fn K3 = 36.8052 + 1.5 an T - 285287/T
n Ky = 35.4189 + 1.5 &n T - 631310/T
gn K = 36.8052 + 1.5 4n T - 8750/T (4.4)

The conservation equations for the hydrogen and helium
nuclei and charge are

= 4.5
Ny + 2N+ Ny, + N N (4.5)

o
H H™ H
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) )
NHe + NHe+'+ NHe++ + NHe (4.6)

Nyt + Nyge+ +72Ngotr = Ny- = No- (4.7)

The number densities of the hydrogen and helium nuclei are
calculated by

Ng = 2x,, (A p/M,) (4.8)
N° = x. (A _p/M_) (4.9)
He He (o] [0}

where
Mo = 2.016xH2 + 4.003xHe

In the above equations, Ao represents the Avogadro's constant,
p is the mixture density in g/cm?, Xy2 1is the mole fraction

of molecular hydrogen, and Xya is the mole fraction of helium.

The solution procedure for obtaining the eight unknown
number densities is discussed in reference 36. The closed-form
solutions are obtained by solving equation (4.3) for each reaction
independently. This is accomplished by setting the appropriate
values in equations (4.5) to (4.7) to zero if the species are
not present in the reaction. The closed-form solutions for the
number densities (in particles/cma) of each species are given
by

He: Ny = (N3/2) + (Ki/8) [(L + 8N§/K1)1/2 - 1) (4.10)
2
+ 1/2
H : Nyy = (K/2)[(1 + 4N§/K2) /2 - 1 (4.11)
- — o - -
H: Ny = ND - 2N - N, (4.12)
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o 2.1/2 _
H;: NH; = (D1/2) [{1 + 4RsNp./D1) 11,
Dy = K3z + NH+ (4.13)
++ o 2 1/2 _
He :  Njif = (D2/2) [(1 + 4KuNp /Dj) 11,
= o 4.14
D2 Ky + Ny + Ng ( )
. =n° - 4.15
He: Nge = Nge = Nye *t NE+ ( )
e : No- = Ng4 + NHE + 2N+ (4.16)
H : N,- = NHNe—/Ks (4.17)

4.3 Thermodynamic and Transport Properties

Thermodynamic properties for specific heat, enthalpy, and
free energy, and transport properties for viscosity and thermal
conductivity are required for each species considered in different
flow regimes. For the precursor zone as well as shock layer,
the general expression for total enthalpy, specific enthalpy,

and specific heat at constant pressure are given respectively by
Hp = h + (u? + v?)/2 (4.18)
h =3 x;h; =3 (C,/M )b, (4.19)

cC_ = Z: xiC

D (4.20)

pi

However, specific relations for h and Cp for the two regions
are quite different.

For the precursor region, the relation for the specific

enthalpy is obtained by following the procedure described by
Smith (ref. 1) as
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h = 1.4575RT + (0.75RT + D)CH + (1.25RT + I/2)CH3 (4.21)

where D and I represent the dissociation and ionization
energy respectively, and their values are available in

reference 40.

The derivation of equation (4.21) essentially follows from
the consideration of equation (4.19). If it is assumed that the
internal energy of each particle can be described only by
translational and rotational modes, then the relation for specific

enthalpy of each species can be expressed as

hHe = % RT + p/p = % RT
hH2=%RT+—§-RT+p/p+I=%RT
hH.5=%RT+-§—RT+p/p+I=%RT+I
hH = % RT + p/p + D = % RT + D

Also, from the conservation of charged particles one can
write
Ce/Me = CHi/MHz

Now , for 85 percent H, and 15 percent He on volume basis (or

76 percent H: and 24 percent He on mass basis), equation (4.19)
is written as
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2:(Ca/Ma)ha= (0.26/4) (5RT/2) + [(0.74 - CHI - CH)/2](7RT/2)
+ [(5RT/2 + D)]CH + (7RT/2 + I)(CH§/2)

+ (5RT/2)(CH5/2)

A simplification of the above equation results in equation (4.21).

In the shock region, equations (4.19) and (4.20) are used
to calculate h and Cp. With Xy representing the mole
fraction of the ith species, the expressions for hi and C

pi
are found from references 46 and 47 as

h, = RT[ay + (a2/2)T + (as/3)T? + (as/4)T®
+ (as/5)T* + ag/T] (4.22)
Coy = R(a; + a,T + asT? + a,T® + asT" (4.23)
where R is the universal gas constant (= 1.98726 cal/mole - K)

and T is the local fluid temperature in K. PFor different
species, values of the constants a;, a2, ... ag are given in
reference 47, and for species under present investigation they are
listed in table 4.2. It should be pointed out here that in this
study, instead of employing equation (2.17b), equations (4.18),
(4.19), and (4.22) are used to calculate the enthalpy variation

in the shock layer. This is because slightly better results are
obtained by using the above set of equations.

For the shock-layer gas, the mixture viscosity and thermal

conductivity are obtained by using the semi-empirical formulas
of Wilke (ref. 48) as
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Table 4.2.

Coefficient for evaluation of the specific heat at constant

pressure and enthalpy for various hydrogen/helium species.

Species
a)
2.5
H 2.5
2.475164
3.057445
Ha 3.10019
3.363
2.5
H 2.5
2.5
2.5
He 2.5
2.5
2.5
He 2.5
2.5
2.5
e” 2.5
2.508

0
0

7.366387E-5
2.676520E-3
5.111946E-4
4.656000E-4

0

o O O 0O 0 o0 o o o

(=]

-6.332000E-6

1.364000E~-9

Coefficients

aj ay

0 0

0 0
-2.537593E-8 2.386674E-12
-5.809916E-6 5.521039E-9
5.264421E-8 -3.490997E-11
-5.127000E-8 2.802000E-12

0 0

0 0

0] 0

0 ]

0 0

0 0

0 0

0 0

0 0

0 0

0 0

~1.094000E-13

0
0

4.551431E-17
-1.812273E-12
3.694534E-15
4.905000E-17

0

O ©0 0O 0O 0O 0O o o o

o

2.934000E-18

as

2.547162E+4
2.547162E+4
2.523626E+4
-9.889047E+2
-8.773804E+2
-1.018000E+3
1.840334E+5
1.B40334E+5
1.840334E+5
~7.453749E+2
-7.453749E+2
~7.453749E+2
2.853426E+5
2.853426E+5
2.853426E+5
-7.453749E+2
-7.453749E+2

~7.450000E+2

v % V V V

v Vv v V VvV VvV V

v

v vV VvV Vv

Temp.
Range

300
1,000
6,000

300
1,000
6,000

300
1,000
6,000

300
1,000
6,000

300
1,000
6,000

300
1,000
6,000




N
=30 Ixu /(0 %xsi44.)] (4.24)

N N
K =££1[xixi/(§;1 xj¢ij)] (4.25)
where
_ 1/2 1/4,2 1/2
¢ij = [1 + (ui/uj) (Mj/Mi) 1°/{¥8[1 + (Mi/Mj)]}

and M. is
i

the molecular weight of species i. For hydrogen/

helium species, specific relations for viscosity and thermal

conductivity are given in references 49 and 50. The viscosity

of H, and He, as a function of temperature, can be obtained from

reference 49 as

qu

e

The thermal
50 as

=
1

=
It

(0.66 x 10=%) (1)3/2/(T + 70.5) (4.26)

3/2

(1.55 x 10™ %) (T) /(T + 97.8) (4.27)

conductivity of H, and H are obtained from reference

3.212 x 10~° + (5.344 x 10°%)7T (4.28)

2.496 x 10~° + (5.129 x 10~8)T (4.29)

The viscosity of H and thermal conductivity of He are obtained
from the relation between viscosity and thermal conductivity

of monatomic gases as given in reference 48 by
K = (15/4) (R/M)u (4

Very little information is available on transport properties of

other species such as H:, H+, e, etc. Fortunately, transport

.30)
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properties are important only in the boundary-layer region where

the temperature is not high enough to produce these species.

It should be noted that all relations presented in this

section are expressed in dimensional form.

5. SOLUTION PROCEDURES

An iterative procedure has been used to couple the precursor
and shock-layer solutions. In this method, the shock-layer
solutions are obtained first with no consideration of precursor
effect. From this solution, the radiative flux at the shock front
{(which influences the precursor region flow) is determined. By
employing this value of the radiative flux, different precursor
region variables are calculated through use of equations (2.6)
through (2.10). Values of these flow variables are obtained
just ahead of the bow shock, and then the Rankine-Hugoniot
relations are used to determine the conditions behind the shock.
These conditions are used to obtain new shock-layer solutions
from which a new value of the radiative flux at the shock is
calculated. The procedure is continued until the radiative

flux at the shock becomes invariant.

The solution procedures for the precursor and shock-layer

regions are described in some detail in the following subsections.

5.1. Precursor Region Solutions

A direct integration of equations (2.6) through (2.10)

results in the following governing equations for the precursor

region
pV = D Vg (5.1)
P, vw(u - um) =0 (5.2)
P Vo (v —v.) + (p-p,) =0 (5.3)
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P, V,(H = H)) + qg =0 (5.4)

oo

(5.5)

I
(=)

Py Vo (0C, /0n) = K,
In equation (5.4), H represents the total enthalpy and is
given by a combination of equations (4.18) and (4.21). The

expression for the radiative flux, g is given by equation

(3.4). For the present application, equation (5.5) will be
PP S T By Lmamn mdemmn d o lewerd o e e - B T B Py - P Tiey L4171 ~coas vn o
wricttén ror atomic II_YU.LUQCII alu .U._YU..LUgBIJ. i0ns. DY 1L0O1L1lO0WwWlNy

the procedure outlined in reference 12 and 19 the expressions

for species concentration are found to be

N
Cy = -2342; YD.Eg(Ti)(kTS)-lI(Vi) (5.6)
i=1 7i
N
CH? = - 231,_5__: Yo Es(ty) (kTS)'II(v:'%L) (5.7)
i=1 71
where
By = (15/7*) [q(0)m1/(p V)]
Vaoi
(vl = [ 7 {v?/lexp(v) - 1ll}av
Vli

and m; represents the weight of the H, molecule in grams per

molecule.

Note that there are nine algebraic eguations to evaluate the
nine unknowns p, Vv, u, Pp, h, H, CH’ CHZ. The solutions
of this set of algebraic equations are obtained by using the
Gauss-Seidel method (ref. 51). The properties at the infinity
are used as the first initial guess in the Gauss-Seidel method.
The iteration is continued until all the guantities in this
region become invariant. The flow chart of the computational

procedure is illustrated in figures 5.1 and 5.2.
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5.2. 'Shock-Layer Solutions

A numerical procedure for solving the viscous shock-layer
equations for stagnation and downstream regions is given by
Davis (ref. 22). Moss applied this method of solution to
reacting multicomponent mixtures in references 9 and 10. A
modified form of this procedure is used in this study to obtain
solutions of the viscous shock-layer equations. In this method,
a transformation is applied to the viscous shock-layer eguations
in order to simplify the numerical computations. In this trans-
formation most of the variables are normalized with their local

shock values. The transformed variables are (ref. 9):

n=y/y, p = p/pg no= u/ug

£ =x o= o0/pg K = K/Kg

u = u/uS T = T/TS Ep = Cp/Cps

v = v/vS B = H/HS (5.8)

The transformations relating the differential quantities are

9 _ 9 1 ]
% () = 3E i (dYS/dE)n'ﬁ () (5.9a)
where
) 1 3 52 1 32
— () === (), () =— () (5.9Db)
oy Y. on 2 2 2
s 3y Vg an

The transformed equations can be expressed in a general form as

32W/3n? + a;9W/9n + aW + as + aydW/3E = 0 (5.10)

The quantity W represents U in the x-momentum equation, T in
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the temperature energy equation, H in the enthalpy energy equa-
tion, and Ci in the species continuity equations. In most cases,
the coefficients a; to ay to be used in this study are exactly
the same as given in reference 9. However, there is one exception.
Since radiation is included in the present study, the coefficients
of the energy equation are different from those used in reference
9. For example, in the enthalpy energy equation, coefficients

a;, as, and a, are the same as given in reference 9, but

as is different, and this is given by

P_ P y?
1 29
a3=_r:_s_r_§[§__‘l’+<l K N cos 6 )\P]

L TH g oM + ygnK r + ysn cos 0O
9=
+ YsPrPsVsV 3p _ YsPrPr, s [j; 9dp
2. = an 2 Y on
€ uSuHS € usHsu S
+q ' K + cos O 5.11
R\1 + ysnK r + ysn cos © (5.11)
where
- N aC uyu -
— 0.1y s = )
Y HS [ h; =— + —(Pr, P_ - l)—H
ySPr,s Pr Z;l i 9n Br s an
u_u2kuu?
1 + ysnK

Other transformed eguations are the same as given in reference 9.

The surface boundary conditions in terms of transformed

variables are
u=0, v=0,T-= Tw (5.12)
The transformed shock conditions are found to be

Uu=v=T=H=p=p=1 (5.13)
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The second order partial differential equations as expressed
by equation (5.10), along with the surface boundary and shock
conditions, are solved by employing an implicit finite-difference
method. In order to obtain numerical solutions for the down-
stream region, it is necessary to have an accurate stagnation
streamline solution. Since the shock shape is affected by the
downstream flow, a truncated series of shock standoff distance
is used to develop the stagnation streamline equations. As such,
the shock standoff distance is expressed by
= ¥+ ¥, B2+ -—- (5.14)

Ys

Since & 1is small and the curvature «k is approximately one

in the stagnation region, it is logical to say that (see fig. 2.1)

B = & (5.15)

Since 6 (r/2) - B, there is obtained

Q
I

8 + tan-l[(ans/ag)/(l + Ky )]

(n/2) + z{[2y25/(1 + y,g)] - 1} (5.16)

By using equations (5.14) to (5.16), the shock relations

.

[egs. (2.21) - (2.26)] can be expressed in terms of

expanded variables as

V;_ = l/ps_, V- T l/ps_ (5.17)
uf_ = -gl2y, /(1 +y ) - 1] (5.18)
ugs = Bl - (27, /(1 + v, )1 + 1/p ) (5.19)
Pe- = Pt + (1 = 1/p ) + g2 (1 - 1/p )

C L= 2y, /(1 +y 017 (5.20)

=

[

1]
=2
+
+

28 o = hgt + (1 = 1/p)/2 (5.21)



In equations (5.17) through (5.21), only Py

Yag in the first terms of their expansions. Thus,

and u

S

involve

a series

expansion for the flow variables is assumed about the axis of

symmetry with respect to nondimensional distance & near the

stagnation streamline as
p(E,n) = p1(n) + p2(n)g* + --- (5.22a)
u(g,n) = uy ()& + —--= (5.22b)
v{g&,n) = v(n) + -=--= (5.22c)
p(&,n) = pi(n) + —== (5.224)
T(g,n) = Ta1(n) + --—- (5.22e)
w(g,n) = w1 (n) + --- (5.22f)
K(g,n) = K1 (n) + ——- (5.229g)

=C + ——- 5.22h
CP(E,n) pl(n) ( )
c;(E,m) =cC, (n) + --- (5.22i)
i1
Since Yaog is a function of downstream flow, it cannot be deter-

mined by the stagnation solutions. Thus, a value of Yog = 0

is assumed initially. This assumption is removed by iterating on

the solution by using the previous shock standoff distances to

define Yog°

The new form of x-momentum and energy equations in the

plane can be written as

2
3 W + aj —gﬂ + aWw+ asg =0
anz n -

For x~momentum, W = u and coefficients aj, aa,

and

as

g

Al

(5.23)

are
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exactly the same as given in reference 9. For the enthalpy
equation, W = H and again a; and a, are the same as defined

in reference 9, but ajs; 1is given by

as = (Pr, yi /u H ) (Pr, /m)[(1/y ) (3¥/3n)

_ — y  — —
+2¥/(1 + ny, 1+ (y, PP v Vi/E H uH) (3p1/9n) (5.24)
Other stagnation streamline equations are the same as given in
reference 9. It should be noted that at the body surface

51 = 1 and 52 = 0.

As mentioned earlier, the governing second-order partial
differential equations are solved by employing an implicit finite-
difference method. For this purpose, the shock layer is considered
as a network of nodal points with a variable grid space in the
n-direction. The scheme is shown in figure 5.3, where m 1is a
station measured along the body surface and n denotes the
station normal to the body surface. The derivatives are converted
to finite-difference form by using Taylor's series expansions.
Thus, unequal space central difference equations in the n-direction

at point m, n can be written as

W Ann—l Ann
an'n An_ (A + An.) m,n+l T (A + An.) ", n-1
Mpt8nng "n Nn-1 nn—l n
An_ - An__
B m7ly (5.25a)
’
AnnAnn-l
32W 2 2
) = W - W
2'n m,n+1l m,n
n Ann(Ann * Ann—l) AnnAnn—l
+ 2 W, (5.25b)
m,n-1 °
Ann-l(Ann + Ann-l) '
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m,n m-1,n (5.25¢c)

A typical difference equation is obtained by substituting the

above equations in equation (5.10) or (5.23) as

Won =" (D,/B) - (An/Bn)Wm,n+l - (Cn/Bn)wm,n_1 (5.26)
where

A= (2 + aibdn, J)/[An (An  + Anp,_4)]

B, = - [2 - a;(4n, - An,_4)1/(An An 1) - az - as/AE__4

D, =as - al“Wm—l,n/Agm-l

Now, if it is assumed that

Wm’n = EnWm,n+l + Fn (5.27)
or
Wnon-1 = Bn-1"m,n ¥ Fn-1 (5.28)

then by substituting equation (5.28) into equation (5.26), there

is obtained

Wa,n = [_An/(Bn + cnEn—l)]Wm,n+l

+ (-D_ - C_F 1)/ (B, + CE ) (5.29)

41



By comparing equations (5.27) and (5.29), one finds

(5.30)

Il

E

- +
n An/ (Bn ann

-1)

F

n (- D - CnFn_l)/(Bn + CnEn—l) (5.31)
Now, since E; and F; are known from the boundary conditions,
En and Fn can be calculated from equations (5.30) and (5.31).
The quantities Wm,n at point m, n can now be calculated from
equation (5.27).

The overall solution procedure starts with evaluation of the
flow properties immediately behind the shock by using the
Rankine-Hogoniot relations. With known shock and body surface
conditions, each of the second-order partial differential equations
are integrated numerically by using the tridiagonal formalism of
equation (5.10) and following the procedure described by equations
(5.26) to (5.31). As mentioned before, the solutions are obtained
first for the stagnation streamline. With this solution providing
the initial conditions, the solution is marched downstream to the
desired body location. The first solution pass provides only
an approximate flow-field solution. This is because in the first
solution pass the thin shock-layer form of momentum equation is
used, the stagnation streamline solution is assumed to be inde-—
pendent of downstream influence, the term dys/dg is equated to
zero at each body station, and the shock angle o is assumed to
be the same as the body angle 6. All these assumptions are

removed by making additional solution passes.

In the first solution pass, the viscous shock-layer egquations
are solved at any location m after obtaining the shock conditions
(to establish the outer boundary conditions) from the precursor
region solutions. The converged solutions at station m-1 are
used as the initial guess for the solutions at station m. The
solution is then iterated locally until convergence is achieved.
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For the stagnation streamline, guess values for dependent
variables are used to start the solution. In the first local
iteration, both (ays/ag) and (9W/3&) are assumed to be zero.
The energy equation then is integrated numerically to obtain
a new temperature. By using this temperature, new values of
thermodynamic and transport properties are calculated. Next,
the x-momentum equation is integrated to find the u component
of velocity. The continuity equation is used to obtain both the
shock standoff distance and the Vv component of velocity. The
pressure 5 is determined by integrating the normal momentum
equation. The equation of state is used to determine the density.
For example, the integration of the stagnation streamline
continuity equation from 0 to n results in

[(l + YISTI)ZD VISD1]V1 = (—2ylspisuis)A (5.32)

1S

where

n -
a=Jf @+ y, npitadn (5.32)
O

This equation gives the v-velocity component along the stagnation
streamline. However, integration of the continuity equation from

n =0 ton =1 results in

2 _— -
(1 + Yls) PisVis T 2915u1syls(B + C) (5.33)
where
1

1
B = J~51ﬁdn, C=Yg A p1uindn
o

The shock standoff distance can be obtained from the solution of

equation (5.33) as
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- 2 l/2
v _ (2\7Is + 25“15) + [(Zvls + 2Buls) 4(vls + 2Cu!s)v151 (5.34)

1s
) 2(vls + 2Culs)

Similarly, other quantities at the stagnation streamline are

obtained.

With known stagnation streamline solution and body surface
and shock conditions, the above procedure is used to find seclutions
for any body location m. The downstream shock standoff distance
and the v-velocity component are obtained by integrating the con-
tinuity equation in the n-direction from 0 to 1, and 0 to n
respectively. Integration of the continuity equation from

n =0 ton =1 results in

1 1
B 2 -= -
—B_E_[Ys cos 6 psus { pundn + ysrpsuS {: pudn

- 1 _
= (r + y, cos 8)ly_p ug = (1 + yk)p v ] (5.35)
By defining, for station m
1 1
C, = cos B psus’c[ oundn, C, = rpsus.of pudn
and denoting the same relations by C; and Cs for station
m-1, equation (5.35) can be expressed in terms of a difference
equation as

[(Ciy2 + Ceyg) — (Cayl + Cuvl)  11/4F

= rpsusyém + cos © psusyémysm T IegVg

- rp V Ky o - €Os 8 p v y . = COS ) pSvSKy;m (5.36)
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This can be expressed in a guadratic form as
2 _
(AA)Ysm + (BB)Ysm + (CC) =0 (5.37)
where
AA = C; + cos GKpSVSAE

EB

- ]
Co + rpsvsKAg cos 0O psusysAE + cos O pSVsAE

- 2 ' -
cc [Cslyglpq ¥ Cu(ys)m_l + rp_u y AE - rp V AE]

The shock standoff distance at station m is obtained from
equation (5.37) as

y. = {~(BB) + [(BB)2 - 4(aa) (cC)]/?

«m }/2 (aA) (5.38)

The v-velocity component can be obtained in a similar manner.

Integration of the continuity equation from 0 to y gives

n
3 -
gg[Ja ysm(r + ysmn Ccos G)psuspudﬁ]
o)

+ (r + Yem" cos O)[(1 + nysmK)(psvspv)

- YinnP ugPul = 0 (5.39)

As before, this can be expressed in terms of a difference

equation as
{[CKK)m - (KK)m_l]/AE} + (II)mG + (JJ)m =0 (5.40)

where
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(II)m = (r + ygmn cos 6) (1 + y_ nk)p v _p

- ] s
(JJ)m (r + yn cos e)ysmnpsuspu

n
J'ysm(r + ysmn cos e)psusﬁﬁdn
(o)

(RK)

Thus, the v-velocity component at each point on the station

m can be obtained from equation (5.40). Other quantities at
station m are obtained by a similar manner. As mentioned
before, the first pass is only an approximate solution because
of several inherent assumptions. These assumptions are removed
by iteration in the next pass. For the subsequent solution

passes, the shock angle and Y, are given by
— -1 '
a = 06 + tan [ysm/(l + Kysm)] (5.41)

Y., = (y

s2 -y ,)/4(08) 7 (5.42)

s3
The flow diagrams for computation procedure are shown in figures
5.1, figures 5.4 to 5.8.

6. RESULTS AND DISCUSSION

The governing equations of both the precursor and shock-layer
regions were solved for physically realistic Jovian entry condi-
tions. Results of the complete parametric study are presented
in this section. First, the results are presented for quantities
just behind the shock wave, and then a few results of flow
variables within the shock layer are presented. Next, results
are presented for the entire shock-precursor region. Finally,

a few results are presented to demonstrate the influence of
precursor heating (i.e., preheating of the gas in front of the
shock) on different heat fluxes.

The radiative flux from the shock layer towards the precursor
region is found to be highest at the stagnation line shock location.
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Results of the radiative flux from the shock front are shown in
figure 6.1 for different altitudes of entry. As would be expected,
precursor heating results in a higher radiative flux at the shock
front. It is seen that the radiative flux reaches a maximum value
for an altitude of about 116 km, and the largest precursor effect
(PE) of about 8 percent is found to be for this altitude. This

is a direct consequence of the free stream and entry conditions

at this altitude. For other entry conditions (altitudes),

precursor effects are seen to be relatively lower.

Figure 6.2 shows the shock standoff variation with distance
along the body surface for different entry altitudes. The shock
standoff distance, in general, is seen to decrease with increasing
altitudes. This is because higher entry velocities are associated
with higher altitudes. The precursor heating results in a slight
increase in the shock standoff distance (a maximum of about 2
percent for z = 116 km) because the density of the shock layer is

slightly reduced.

The conditions just behind the shock are illustrated in
figures 6.3 to 6.8 as a function of distance along the body for
different entry altitudes. For z = 116 km, figure 6.3 shows that
precursor heating increases the enthalpy by a maximum of about
2 percent at the stagnation streamline. The change in shock
temperature is shown in figure 6.4 for different altitudes. As
would be expected, precursor heating results in a relatively
higher temperature. The effect of precursor heating on the
pressure just behind the shock is shown in figure 6.5, and it
is seen to be very small. Since the pressure essentially remains
unchanged, precursor heating results in a decrease in the density,
(see fig. 6.6) mainly because of an increase in the temperature.
Figure 6.7 shows that precursor heating has no significant
influence on the u-velocity component, but the v-velocity is
slightly increased (see fig. 6.8) as a result of decrease in

the shock density.

Variations in temperature, pressure, density, velocity, chem-

ical species, and transport properties across the shock layer
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are shown in figures 6.9 to 6.13 for entry conditions corresponding
to an altitude of z = 116 km. Results presented in these figures
are normalized by their shock values, and they show that pre-
cursor effects are felt throughout the shock layer. Results
presented in figures 6.9 to 6.11 for two body locations (§ = 0
and 1) indicate the relative change in temperature, pressure,
density, and velocity as compared with their shock wvalues.

For £ = 0, figure 6.12 shows that precursor heating slightly
decreases the concentration (mole fraction) of atomic hydrogen
and increases the concentration of ions and electrons throughout
the shock layer. For the stagnation streamline, results pre-
sented in figure 6.13 indicate that the transport properties

(u and K) are changed only slightly in the vicinity of the

bow shock.

Variations of temperature, pressure, density, and velocity
along the stagnation streamline in the entire shock-layer/precursor
zone are illustrated in figures 6.14 to 6.17 for different
altitudes. Since higher entry velocities are associated with
higher altitudes, precursor effects, in general, are found to
be larger for higher altitudes. The results for the precursor
region show a dramatic increase in the pressure and temperature
but only a slight change in the density and velocity. The
changes are largest near the shock front because a major portion
of radiation from the shock layer gets absorbed in the immediate
vicinity of the shock front. A complete discussion on changes
in flow variables in the precursor region is given by Tiwari
and Szema in reference 12. Figures 6.14 and 6.15 show that,
in spite of a large increase in the temperature and pressure
in the precursor region, precursor heating does not change
the temperature and pressure distribution in the shock layer
dramatically. The change in temperature, however, is signifi-
cant, the maximum change occurring, as would be expected, just
behind the shock. There is a slight change in the pressure
near the body, but virtually no change closer to the shock.
Figure 6.16 shows that the change in density in the shock
layer is higher for higher altitudes and towards the shock.
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As discussed before, precursor heating results in a slight decrease
in the shock-layer density. Virtually no change in the u-component
of the shock-layer velocity was found, but, as shown in figure
6.17, the v-component is slightly increased.

The effects of precursor heating on different heat fluxes
in the shock layer are illustrated in figures 6.18 to 6.24.
These results clearly demonstrate that precursor heating has a
significant influence on increasing the heat transfer to the
entry body. This increase essentially is a direct consequence
of higher shock-layer temperatures resulting from the upstream
absorption of radiation. Figures 6.18 to 6.20 show the variations
in radiative and convective heat fluxes with distance along the
body surface for three different altitudes. For z = 116 km,
results illustrated in figure 6.19 reveal that the precursor
heating results in a 7.5 percent increase in the radiative flux
and about a 3 percent increase in the convective flux to the
body at the stagnation point. The increase in heat transfer at
other body locations and for other entry conditions (altitudes)
is relatively lower. A similar conclusion can be drawn from the
results presented in figures 6.21 to 6.23 for the radiative flux
towards the shock and the body for two body locations (£ = 0 and
1) and for three different entry conditions. Results of radiative
and convective heat flux at the body (for £ = 0) are illustrated
in figure 6.24 for different altitudes of entry. The radiative
flux results are seen to follow the trend exhibited in figure
6.1 for radiation at the shock front. The convective heat flux,
however, is seen to increase slowly with the altitude up to
z = 131 km, and thereafter to decrease with increasing altitudes.
The precursor effect is found to increase the radiative heating
by a maximum of about 7.5 percent at z = 116 km and the convec-
tive heating by 4.5 percent at z = 131 km.

It should be emphasized here that the results presented in
this study were obtained for carefully selected entry conditions.
For other conditions, precursor heating may have an entirely
different influence on flow variables in the shock layer. For
example, if entry velocities higher than 38 km/s are considered
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for altitudes lower than 116 km, then one would expect precursor
heating to have a considerably greater influence on the shock
layer flow phenomena. This, in turn, would result in higher

radiative and convective heating of the entry body.
7. CONCLUSIONS

The main objective of this study was to investigate the
influence of precursor heating on the entire shock-layer flow
phenomena. For Jovian entry conditions, results were obtained
for the precursor zone as well as the shock layer. For the pre-
cursor region, results indicate that the temperature and pressure
are increased significantly because of absorption of radiation
from the shock layer, but only a slight change is noticed in
other flow variables. In the shock layer, results of flow
variables were obtained along the body and the bow shock and
across the shock layer for different altitudes of entry. The
influence of precursor heating was found to be larger at higher
altitudes. Specific results indicate that, in most cases, pre-
cursor heating has a maximum influence on flow variables (except
the pressure) at the stagnation line shock location. It was
found that while pressure essentially remains unchanged in the
shock layer, the precursor heating results in an increase in
the enthalpy, temperature, and v-component of velocity, and a
decrease in the shock layer density. For the entry conditions
considered in this study, results clearly demonstrate that pre-
cursor heating has a significant influence on increasing the
heat transfer to the entry body. It was found that the radiative
heating is increased by 7.5 percent at z = 116 km and the convec-

tive heating by 4.5 percent at z = 131 km.

For further study, it is suggested that the precursor region
flow phenomena be investigated without making the thin layer
approximation. Also, it would be advisable to use different
free-stream temperatures for different entry altitudes. In the
shock layer, the case of chemically nonequilibrium flow should
be included, and then the influence of precursor heating on

different flow variables should be investigated.
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Figure 2.1. Physical model and coordinate system.
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PRECURSOR SHOCK-LAYER SOLUTION PROCEDURE

FREE-STREAM CONDITIONS
SPECIFIED

CALL SHOCK -

CALL SHOKLY

RADIATION FLUX
OUT FROM THE SHOCK
CONVERGING

CALL PERC

PRINT

Figure 5.1. Flow chart for combined precursor/
shock-layer solution procedure.



SUBROUTINE PERC

GUESS A VALUE FOR
v

[
] i A
SQLVE EQ.D(5.1) FOR

SOLVE E@. (5.2) FOR

o

\
ret—

SOLVE EQ. (5.3) FOR
v

{

CALL QRAquTION FOR
r

{ NEW v

SOLVE EQ. (5.4) FOR 7y
Hp AND T

!

CALL PCH2 FOR
Ko

oy

SOLVE EQUATION OF
STATE FOR P

CONVERGENCE

RETURN

Figure 5.2. Flow chart for subroutine PERC used in the
precursor region solution procedure.
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Figure 5.3. Finite difference representation of flow field.



No

= 3 -1 JEL)
o =9 + tan (1+usx

{

SUBROUTINE SHOCK

I11 =1

No M=1 Yes
051 = p(M - L) IGUESS VALUE FO
o} = 6,p = 9
psZ E ] 951 + 1 s1 'Tga2
PUT © INTO R-H AND GET o =D
S hyg, B, T sz 3
WITH p, T AND USING .
DH, = DH
HIS = Ci; hy 1
DH, = H,g - h;g D, = pg, - DH,/Slop
|
r }
SIMILARLY USING P2, GET DH, - DH
Hag has Slop = 1
Py = ?s
2
DH, = H,g = h,g
Yes
M=M+ 1
@)=
Yes
RETURN

Figure 5.4.

shock-layer solution.

Flow chart for subroutine SHOCK for
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SUBROUTINE SHOKLY

1111 = 1 CALL ENERGY FOR T
Ml CALL TRANSP
!
No — T CONVERGENCE
Yes
GUESS VALUE
Esm) = NS - 1) FOR NS(1)
* ; MaM+1

I111 = 1111 + 1

Yas
CONVERGENCE
Yes

ss v s P{M,N) = PM - 1, N)
GUE: FOR‘L”E TMN) = T(M - 1, N) RETURN
UM,N) = UM - 1, N)
P, T,U VM, V) = V(M - 1, N) ;
v.D D(M,N) = D(M = 1, N)
END
L
Yy
CALL NOBDEN

FOR C,

CALL TRANSP FOR
TRANSPORT PROPERTIES

|
CALL RADIATION -—@

Figure 5.5. Flow chart for subroutine SHOKLY for shock-
laver solution.



SUBROUTINE ENERGY

ans NS _ NS(M + 1) ~ NS(M)
&

%4
INTEGRATE ENERGY EQ. %

]
Lt

!

INTEGRATE ENERGY EQ.

, 1
K)

FROM ENERGY EQ. GET h(M,N)

1

L INITIAL GUESS Tg (M,N)

k]

[ CALL ENTHALP hg (M,NY

NEW GUESS
TEMPERATURE

T(M, N) = Tg(M,N)

1

RETURN

Figure 5.6. Flow chart for subroutine ENERGY for
shock~layer solution.



SUBROUTINE MOMENTM

THIN SHOCK LAYER
APPROXIMATION

THIN SHOCK LAYER
APPROXIMATION

No
NS, = Q NS, = NS(3) - NSQ1) anNs o dNS 2 NS(M + 1) - NS(M)
2 ag? & ag .34

, { L Y
! 1

INTEGRATE EQ. (2.12) FOR T

el

INTEGRATE EQ. (2.12) FOR

! Y

INTEGRATE EQ. (S.33) FOR Vv INTEGRATE EQ. ($.38) FOR NS
INTEGRATE EQ. (5.34) FOR NS INTEGRATE EQ. (5.40) FOR V
INTEGRATE EQ. (2.13) FOR P INTEGRATE EQ. (2.13) FOR P

! !
1

SOLVE STATE EQUATION FOR 3

1

RETURN

Figure 5.7. Flow chart for subroutine MOMENTM for
shock-layer solution.
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SUBROUTINE RADIATION

N =1
|

-

INPUT T(M,N), COFl(K,N)
M5 = 1

INTEGRATE FOR X
(see fig. 5.8b)

t

INTEGRATE FOR X3
(see f£ig. 5.8b)

R!

2h\ (XT “)
COF2(K,N) = x(cz) (h

COF3(K,N) = X (Eh/c?)

N
M5 = SB 2

M5 = M5 + 1

Yes

N=N+ 1

Figure 5.8a.

M5 = 1
QPP(N) = ©

1

INTEGRATE FOR QP (MS,N)
(see fig. 5.8b)

!

QPP (N) + QP(M5,N) + QPP(N)

®

M5 = 58

Yes

M5 = 1
QP1(N) = O

~y

INTEGRATE FOR QP (MS5,N)
(see fig. b}

——

QPL (N} = QPl(MS,N) + QPL1(N)

M5. = M5 + 1 LSS

Yes

M5 = 1
oM(N) = 0

-

-

INTEGRATE FOR QM (N)
(see fig. 5.8b)

MS = M5 + 1 ze MS = 58

Yes

OFX (N) = 2n[QP(N) + QPL(N) + QM(N)}

NO
N=N+1

RETURN

Flow chart for subroutine RADIATION for
shock-layer solution.
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INTEGRALS FOR SUBROUTINE RADIATION

v

K2
X = f {v3/ exp(v) - l]} dv

\)Kl

\)Kl

X, = / {\)‘3/ exp (kv) - l:l} dv

Vo2

N N
COF2 (M5,N) COF1(M5,N) E, [f 04 (N')dN']dE

o

QP (M5,N) = f
o

N N
QP1 (M5,N) = / COF3 (M5, N) Ea[f aj(N-)dN'] ag
o o
N £
QM (N) = / COF2(K,N) COF3(XK,N) E?_[f aj (N'")dAN'| dE
[¢) N
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Figure 5.8b. Definition of integrals used in subroutine
RADIATION.
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Figure 6.1. Radiation flux towards the precursor region
at the stagnation line shock location.
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Figure 6.3. Enthalpy variation just behind the shock with
distance along the body surface.
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Figure 6.4. Temperature variation just behind the shock
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Figure 6.5. Pressure variation just behind the shock with
distance along the body surface:
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Figure 6.6. Density variation just behind the shock with
distance along the body surface.
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Figure 6.9. Variation of temperature in the shock layer for two body locations (£ = 0 and 1).



T I T

PRECURSOR EFFECT —

______ NO PRECURSOR EFFECT

0 I | I | 0.95
0 0.2 0.4 0.6 0.8 1.0

n=y/y, = ¥Y*/vg

Figure 6.10. Variation of pressure and density in the shock
layer for two body locations (£ = 0 and 1).
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Figure 6.13. Variation of thermal conductivity and viscosity in
the shock layer for § = 0.
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Figure 6.20.
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APPENDIX A

EXPLANATION OF SYMBOLS USED IN COMPUTER
PROGRAM OF THE SHOCK~LAYER REGION
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ARFA
CH
CHE
CHP
CHZ
CH2P
CE
CPII
CPL

CPS

DD
DENT
DI
DS

DX

DY

EPS
ETHC
E2
E3

Fl

924

APPENDIX A

EXPLANATION OF SYMBOLS USED IN COMPUTER
PROGRAM OF THE SHOCK-LAYER REGION

shock angle defined in figure 2.1
mass fraction of H

mass fraction of He

mass fraction of H'

mass fraction of Hz

mass fraction of H:

mass fraction of e~

free-stream specific heat

specific heat just ahead of shock, nondimensonal
specific heat just behind the shock, nondimensional
density, nondimensional

coordinate measured normal to the body, c¢m
free-stream density, cm/sec

density just ahead of the shock, g/cm?

density just behind the shock, nondimensional

step distance between two nodal points along the body

surface

step distance between two nodal points normal to the

body surface

Reynolds number parameter, nondimensional
enthalpy, erg/qg

second exponential integral function
third exponential integral function

defined function of temperature



H2

HPLUS
HE
HE2PLUS
M

MACT
MV

MVS

MUREF

NOPER

NORAD

NS

PERT
PINF
PS

Qo0

QFXM
QFXP
QTOTAL
RAT

T

TB

TH

number density of Hz, number/m?
number density of H, number/m?®
number density of H+, number/m?
number density of He, number/m?
number density of Hes, number/m®
molecular weight
Mach number
viscosity
viscosity at shock
refrance vicosity

{1 without precursor effect

2 with precursor effect

{l without radiation

2 with radiation

shock stand-off distance
pressure, nondimensional
free-stream pressure
pressure just ahead of the shock
pressure just behind the shock

radiative heat flux which come out from the shock

toward the precursor region

radiative heat flux toward body

radiative heat flux toward shock

net radiative heat flux between body and shock
the ratios of dy(N + 1)/dy(N)

temperature, nondimensional

body temperature, °K

enthalpy, nondimensional
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THS
TINF
TK

TS

VS

VEL®I

\£]

vT
XH
XH2
XHE
XH2T
XHEP

XHE2P

YH
YK

ZTA

96

enthalpy at the shock, nondimensional
free-stream temperature, °K

thermal conductivity of mixture, nondimensional
temperature at the shock, nondimensional

velocity component tangent to the body surface,

nondimensional

shock velocity ocmponent tangent to the body surface,

nondimensional

velocity component normal to the body surface,

nondimensional
free-stream velocity

shock velocity component normal to the body surface,

nondimensional

velocity at precursor region

H between shock and body
H» between shock and body
He between shock and body
mole fraction of
Hz at free stream

He+ between shock and body

He: between shock and body

normal coordinate, nondimensional

Planck constant, erg/s
Boltzmann constant, erg/°K

body angle
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sNeNaNsNeNeNg!

PROGRAM COMPLET

CINPUT sQUTPUT s TAPES=INPUT s TAPE6=0UTPUT)

COMMON /CONST1/ ALWAK+CTsKsK11sMBP4MALlMA2

COMMON /PERC/ VI(20).PINF(20)s ETHP(20)

1 PINFN(20)
COMMON /INFI/ TINFs PREI+ VELOls DENIo
1 + NORAD +NOPRE

COMMON /RAD/ COF1(584+51)

DI(20)+CPL(20)s QO1(20)s

Je ALTs I111s CPITeXH21

QFXP(51)+QFXM(51)+QF X (51 )+DQY(51)

COMMON /SHOCK/ DS(20)s TS(20)s VS(20)s US(20)e PS(20)sMUS(20) ¢TkS(

120} 4ARFA(20)+CPS(20) +THS(20)

COMMON /SDFDIS/ NS(20)sNS1sNS2+¢PS1,AS(20) +NSS2
DIMENSION QO(20)+SPEC(6)

REAL NS

DATA (SPEC(1)s1=16) / =19=19e=13Je=~1¢-1 /
CALL SYSTEMC (115+8PEC)

*x%k  XH2]-— MOLE FRA_TION OF H2 #%%

*%% NORAD=1 ~— NO RADIATION *¥*¥%

*%¥¥ NORAL -2 ~~ WITH RADIATION ¥*¥%k

*%3% NOPRE=1=-- NO PRECURSOR EFFECT %##%
*i% NOPRE=2~-- WITH PRECURSOR EFFECT ##%
NOPRE=2

NORAD=2

XH2I=0e85

CH2=XHZ2I#2/ (XH21#2+ (1-XH21)#4)
CHE=1e¢=-CH2

CH=0e

CH2P=0e

CHP=04

CE=0e

READ (5¢1) TINF+PREI+VELOI+DENI+Z+CPI1
FORMAT (6E1043)

DO 2 M=1,20

DI (M)=DEN!1

VI(M)=VELOI

PINF (M)=PREI]
ETHP(M)=—=16412E-3/VI (M) ¥**2
CPL(M)=19452E7

QO (M)=0e

CONT INUE

KDD=1

CALL SHOKLY

IF (KDDeEQe2) GO TO 3

IF ((QO01(1)-Q0(1))/Q01(1)elL. Te0e03) GO TO 3
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Q0(1)=Q01¢(})

Q01 (MBP)=Q01 (MAZ2)

DO 5 M=1.MBP

Y1=0¢

S=M*1,

VELOI=ABS{VELOI)

TSOIM=TS (M) *VEL OI1 ¥%2/CPI 1}

CALL PREC2 (MeY1,TSDIMsPREl+ ARFA(M)s QO1(M)e VELOISDENI«TP+PPsVP

1 Ulse VTe DPe CHMs CH2M, HEI +CPC)

3

332

9

331

15

16

11

VI(M)y=VT

DI (M)=DP

PINF (M)=PP

ETHP(M)=HEI /VI(M)*%2

CONT INUE

KDD=2

GO TO 6

CONT INUE

WRITE (6+332)

FORMAT (/7 ¢3X e *#TEMP¥ s 12X s #PRE¥ ¢ 12X ¢ #V-VELO% 41 OX e ¥U~VELO*¢9X s #DEN*, !
1 2Xe#CH¥y 12Xe HCH2+%* ¢ 12X s ¥ENTH¥, QX HY2%, SXo¥MK)
DO 11 M=1,MA2

Y1=0+

TSDIM=TS(M)*VELOI®#%#2/CPI11

VELOI=ABS(VELOID)

CALL PRECZ2 (MaY1+4TSDIMIPREIs ARFA(M)s QO1(M)s VELOLIDENI»TP«PPsVP
1 Ule VTe DPe CHMs CHZ2My ENTHCCPC)
Y2zY1/(NS(M)*%23)

WRITE (6¢331) TPy PPy VPy Ule DPs CHM«CHZ2MENTHC, Y2 M

FORMAT ( 2X+BE14¢4+3XeE1264¢3X012)

IF (Y1eGTel0e0) GO TO 11

IF (Y1 eGTe3e0) GO TO 16

IF (Y14GTel40) GO TO 15

Yi=Y14042

GO 1O 9

Y1=Y140e5

GO TO 9

Yi=Y1+1e0

GO TO 9

CONT INVUE

STOP

END

SUBROUT INE PREC2(Se Ys TSe PREle+ ZTAe QOs¢ VELOI+ DENIs TPs PP+ VP
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1 Ule VTeDPe CHMs CHZ2Ms HE] + CPC)
COMMON ARF (3)eSUMI(12)e I1eT(SO)eTTaYI(3)sYD(3)e NAWROH(3)sIERR(12)
1eVF(342)e DHeCK ¢CoKsQQesY19S1le E3(3)eJeVEIDE
DIMENSION VI(S50)4U(50)P(S0)PHT(50)¢PH(50)sCH2(S50)+CH(50)+DEN(50)
REAL NAJNBsNAL ¢ MH2 ¢ MHH ¢ MH ¢ MHE
TT=TS

QQ=Q0

Yi=Yy

S1=S

VELOI=-VELO!1

VE=VELOI

DE=DENI

ROH(1)=4.,1E-18

ROH(2)=8¢2E~-18

ROH(3)=2+1E-18

DH=6¢6256E-27

CKz=1¢3B054E-16

C=3.0E10

VF(141)=8e7E1S

VF(2+2)=3e75E15

VF(34¢1)=3e75E15

VF(3¢2)=1.15E15

VF(1:2)=5402E15

VF(24+1)=5,02E15

VI=VELOI®SIN(ZTAY
UI=VELOI*COS(ZTA) *(-1)

v(l)=vl

u(l)=ul

P(1)=PREI

DEN(1)y=DENI

CH2(1)=0.

CH(1)=00

Ax14¢8E12

D=4+e5E12/2

YI(1)=1e0

YI1(2)=0875

YI(3)=0e

¥YD(1)=040

YD(2)=04125

YD(3)=1e

R=8¢3413E7

PHT(1)=(VELOI¥%2)/2e+1 «527%¥R*145,
PH(1)=1e527%14S5+%R

T(1)=145,
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20

59
111
75

DO 111 I=1.49

It=1

NAZ(T7e2431122E22%#085) %P (1)/(T(1)%104)
NA1=NA¥1e0E-6

ARF (1 )=ROH(1)#%NAL

ARF (2)=ROH(2)*NA1

ARF (3)=ROH(3)*NA1

DEN(I+1)=DENI*VI/V(I])
VII+1)=(DENI*¥(VI¥*2)-P (I)+P(1))/ (DENI*VI)

Ull+1)y=ul

CALL QRADIA(YsS«QR)

PHTI=1e458%#¥R*#145,+(VELOI¥%2)/2¢

PHT(I+1 )3 (DENI#VI*PHTI-QR)/ (DENI*V1])
PH(I+1)=PHT (141 )= (V(1+1)*#24+U(I+1)%%2)/2,
TI+1)=(PH(I+1 )~ (5e/4e ¥ RAT (1 )+A/2e ) ¥CH2(1)=(3e/74e#R¥T(1)4+D)¥CH(1))
1/ (1.458%#R)

CALL PCH2(PCH]I +PCHD)

NB=1+

CH(I+1)=NB¥PCHD

CH2 (141 )=NB*#PCHI
P(l4+1)=DEN(I+1)*RET(1+1 )% (176177400405 #(CH2(1+1)4+CH(I+1}))
IF (ABSU(VII41)=V(I))/V(]))eGTe0e01) GO TO 59

IF (ABS((T(I+1)~T(1))/T(1))eGTe0e01) GO TO 59

IF (ABS((P(I+1)=P(1))/P(1))eGTe0s01) GO TO 59

IF (ABS((PH(1+1)=PH(1))/PH(1))eGTe0s01) GO TO 59

IF (ABSCU(PHT(141)=PHT(1))/PHT(1))eGTe0.01) GO TO 59
IF (ABS((CH(1+1)=CH(I1))/CH(I))aGT+0s01) GO TO 59

IF (ABS((CH2(141)=CH2(1))/CH2(1))eGTe0,01) GO TO 59
IF (ABS((DEN(I+1)~DEN([))/DEN(1))eGTe0s01) GO TO 59
GO TO 75

GO 1O 111

CONT INUE

CHH=068019-CH2(1+1)-CH(I+1)

CHE=041981

CHM=CH(1+1)

CH2M=CH2(1+1)

HEI=PH(I1+1)

TP=T(I+1)

PP=P(1+1)

VP~V (I+1)

DP=DEN(I+1)

VT=(VPRASHFUIRX2 ) %%0 45

RETURN

END
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SUBROUTINE QRADIA(Y+S+QR)

COMMON ARF (3)sSUM(12)s1+4T(50)eTSeYI(3)eYD(3)sNAIROH(3)+IERR(12) +VF
1(3¢2)sDHaCKeCoeK1eQOeYYsSS«E3(3)

COMMON /FFF/ Z

DIMENSION E2(3)+ARY(3)+E1(3)sV1 (3,2)

EXTERNAL FXS5eFX2.FX3

F1=6e256E-27/(1+3805E~16%TS)

V1(1+1)=VF(1s1)%F1

V1{1e2)=VF(1e2)%F1

VI(241)=VF (241 )%F ]

VI(242)3VF(2+2)%F 1

VI(341)SVF (341 )%F1

V1(342)=VF(3+2)%F 1

EPS=04002

DO S0 K=1+3

K1=K

30 CALL ROMBS (V1(Ks2)sV1(Ke1)sFX21EPSsSUM(K+3)4s IERR(K+3))

IF (1IERR(K+3)+EQ.,0) GO TO SO

K3=K+3

PRINT 31+ K3+ IERR(K+3)

31 FORMAT (#K=%*412+%IERR=#%,[3)
50 CONTINUE

QR1=0

DO 100 K=1+3

GR=0e5772

ARY (K )= ARF (K ) *Y

IF (YeLTe0e001) GO TO 30

A0=0+26777343

A1=8.6347608925

A2=18,0590169730

A3=8.5733287401

B0=3.958469228

B1=21+09965308

B2=25.63295614

B83=9.5733223454

IF (ARY(K)eLTele) GO TO 200

X=ARY (K )

E1(K)=EXP(=X)% (AO+AI*¥X+A2HXER2+ABAXRRILXH#L ) / (X* (BO+B | #X+B2 %X ##24+8
13%XRRIEXHRG ) )

GO To 220

200 X=ARY(K)

E1(K)==0e57721566-ALOG(X)+X=XH#¥2 ¢ /4 ¢+ XA %3¢ /18e~XH%8¢/960¢+X*#%54/600
1o=X*¥%#60/4320 e +X*##7¢ /352804 -X*#%8 /322560 ¢ +X%*#9 ¢ /3265920 ¢ ~X*#%100e/362
288000,



220 EZ2(K)=(EXP(-=X)=-X*E1(K))

E3(K)=S(EXP(=X)=-X*E2(K))/2
GO TO 35

33 E2(K)=1le
E3(K)=0e¢5

35 QRA=EJ(KIASUM(K+3)%#15#Q0/ (3e14159%%5)
QR1= QR4+QR1

100 CONTINUE
QR=QR1%2,4,%#3,14159
RETURN
END
FUNCTION FX2(X)
COMMON ARF(3)eSUMI(12)+1eT(S50)eTSeYI(3)sYD(3)sNAIROHI(3)4IERR(12) +VF
1(3¢2)sDHsCK4CoeK QO
DAT=5+.6697E~5
FX2=X#%#3/(EXP(X)~1e)
RETURN
END
SUBROUT INE PCH2 (PCH1+PCHD)
COMMON ARF(3)OSUM(12)OIQT(SO)OTS!YI(3)0YD(3)!NA!ROH(:‘})O]ERR(IZ)OVF
1(342)eDHeCKeCoKsQ0eY4SeE3(T) e J1 e VELOLI +DENTI
DIMENSION V1(3¢2)9CHL1(3)sCH2(3)
EXTERNAL FX4
F1=6e256E-27/(1¢3805E~16%*TS)
V1(141)=VF(1+1)%F1
VI(1e2)=VF(1+2)%F1
V1(2¢1)=VF (241 )%F1
V1(242)=VF(2:2)%F 1
VI(3¢1)=VF(341)%F1
V1(3+:2)=VF (3:2)%F 1
EPS=0,001
DO 59 J=1,3
Ji=J
CALL ROMBS (V1 (Je2)9V1(Jasl)e FX49 EPSe SUM(J+9)+IERR(J+9))
CHI(U)Y=YT(J)IREI(JIXRSUM(JU+9) /(1 «3BOSE-16%*TS)
CH2(JISYD(J)IREI(J)I¥SUM(J4+9)/ (]l «38B05E-16%*TS)

59 CONTINUE
PDHI=CH1 (1 )+CH1 (2)+CHI1 (3)
PDHD=CH2 (1 )+CH2 (2)4+CH2 (3)
X1=QO#|S5e#*2e%#3428E-24/ (DENIHVELOI*3414159%%4 )% (~1,)
PCHI=PDHI*X1
PCHD=PDHD#*X1
RETURN
END

€0T
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43

FUNCTION FX4(X)

COMMON

ARF (3)eSUM(12)0]1eT(S0)eTSeYI(3)eYD(3)eNAWROH(3)+IERR(]12) 4VF

1(3¢2)eDHICKICoKsQOsYeSeE3(3)eJ
FX4=X*%2/ (EXP(X)=1)

RETURN
END

SUBROUT INE SHOKLY

CcomMmOon
COMMON
COMMON
COMMON
1

COMMON
COMMON
11) s XHH

/ BODY/ ZTA(20)e CK(20)e X(20)e DXeR(20)+BATA(20)« MUREF + EPS

/CONST/ GAMAWDY (51 )eY(51)¢CC3(20e51) +CCC14ICONT

/CONSTL1/ ALAKsCT+KeK11 +MBPMAL MAZ2

/CONST3/ AH2 (397 )eAHP (3¢ 7) ¢ AH2P (33 7) s AHE (347 )+ AHEP (34 7))
AE(347) +AH(34+7)sKE

/CONST6/ YHsYKTH

/DEPEND/ T(20451)eP(20651)¢D(20¢51)sU(20+¢51)9V (20651 )¢XHE(S

(51)e XH(S1)eXHP(51)eCP(S1)eXHEP (51 )+ XHE2P (51 )+ XEMIN(S51)

1 sTHPRP1(51)sTH(51)

COMMON
COMMON
COMMON
1
COMMON
1
COMMON
COMMON
COMMON
COMMON

/HEAT/ QCONDIFURAT«QTOTL

ZINF/ VINF+ DINF,.CPI

ZINF1/ TINFs PREI+ VELOIs DENIs Ms ALTs [111s CPIIeXH21

s NORAD ¢+ NOPRE

/PERC/ VI(20)+PINF(20)s ETHP(20)s DI(20)+CPL{20)s QO01(20) ¢
PINFN(20)

/RAD/ COF1(58451)s QFXP(S1)+QFXM(51)sQFX(51)e¢DQY(51)

/R1/ A(58)+B(58)+F1(58)9sF3(58)¢F(5B)es VO(10) W1 (58)
/SDFDIS/ NS(20)sNS1 +NS2+PS1+AS(20) +NSS2

/SHOCK/ DS(201)s TS(20)e VS(20)s US(20)s PS(20)sMUS(20)+TKS(

120) +ARFA(20)+CPS(20) +THS(20)

COMMON
COMMON

/SPHT/ CH2(S1)sCH(51)¢CHP(51)+sCHE(51)
/TRANS/ TK(S1)esMU(51)sTKDI

REAL MUREFs MUHH¢MUHE s MACI s+ MUsMUS+NSWNS1sNS2 +MUU1
INTEGER HIST

RAT=1.
MBP=11

10

MA1=MBP+1
MA2=MBP-1
TB8=4000
CALL DATAIN

ICONT=
DO 43
PINFN(

1
13=1.20
I3)=PINF(I3)/(DI(I3)*¥VI(I3)*R2)

CONT INUVE

NS2=0e
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10

32

33

K=51

Kli=K=-1

Iii1=1

DIFU=0005

VELOI=ABS(VELO1)

CALL BODY

M=z]

IF (1111eGTel) GO TO 2

IF (MsEQel) GO TO 5
NS(M)=NS(M=~1)

GO TO 15

NS(1)=0.1

CALL SHOCK

M=1

CONT INUE

VINF=VI (M)

DINF=DI (M)

CPI=CPL (M)

IF (1111eGTel) GO TO 81

IF (MeEQel) GO TO 6

NS (M)=NS(M~1)

GO TO 16

NS(1)=0.1

IF (1111eGTel) GO TO 2
ZTAA=ARFA (M)

VENF=VINF#] ¢E~5
UT=VENF*SIN(ZTAA 1% (1e+0e7476% (1 ¢=%XH21))
CTUR-545¢37461 ¢ 608#UT=2e2459KUT ¥ %24+0e039922%UTH##3-000035148#UT #%4
1400000012361 ¥UTHRS
CHT=5e661-0e52661%UT+04020376¥UT%%#2-0400037861 #UT#%*¥34+0.0000034265#*
1UT#%#4-04000000012206%UTH%5
CH=CHT-0¢3167%* (1 4~XH21)
CT=CTU+61 e2% (1 ¢=XH21)

IF (MeGTel) GO TO 4

DO 21 N=1,51

P(MyN)=1e

NZ2=N-1

U(MoN)=10e/50e%N2
VIMyN)=1e/50e%*N2
TIMIN)I=(0e75/500 )%¥N2+025
TSS=T(MN)XTS(M)RVINF*%#2/CP]
PSS=P (M«N)#*PS (M )*DINFXVINF*%2
TSS1=(PSS/10132504 ) #*AL
DSS=04001292% (CTHTSS1/TSS)#* (] e/AK)



90T

21

22

105

D(MeN)=DSS/ (DS (M) *¥DINF)

CONT INUE

GO TO 8

DO 22 N=1.51

T(MN)=T(M=1..N)

P(MsN)=P (M=-1N)

D(M«N)=D(M=1eN)

U(MsN)Y=UIM=14sN)

VIMeN)IZV(M=1N)

NS (M)=NS(M-1)

CONTINUE

GO TO 8

CONT INVE

CALL SHOCK

M=1

NST=NS(9)

UST=U(M.20)

ZTAA=ARFA (M)

UT=VENF*SIN(ZTAA YR (1 e+0e7476% (1 e~XxH2I1))
CTU==545e37+61 ¢ 608%¥UT~L .2459%¥UT* %240 039922%UT*#%#3-0+400035148*%UT**4
1400000012361 ¥UT**5
CHT=54661-0e52661¥UT+04020376%#¥UTH%2-0400037861 ¥UT*#%#3+0,0000034265%
1UT*#%#4~04000000012206%UT%%5
CH=CHT-0e3167% (1 e-XH21)
CT=CTU+61 2% (1 e-XH21)

DST=D(M+20)

TST=T(Ms2 )

DEFU=DIFU

HIST=1

DO 23 N1=1.51

N=52-N1

TSS=T(MsN)I#TS(MIRVINF¥**2/CP1
RHO=D(MsN)I*#DS(M)I*¥DINF*1000.
PlI=TSS®H(RHO/(1000,%0.001292) )y%*AK
P12=1013250¢%(P11/CT)*%(1es/AL)
P13=04,1%P12

CALL NOBDEN (TSS«RHOWH2+HeHPLUSsHE « HEPLUS +HE2PLUS +EMINUS s XH21 )
AAl=1e/( H2+H+HPLUS+HE+HEPLUS+ HEZ2PLUS+EMINUS)
RiI=1.98726

EMINS=EMINUS

ND=ICONT/2

ND=ND#*2

IF (NORAD ¢EQel) GO TO 902

IF (NDeNESICONT) GO TO 902



LOT

901
903

900
902

51

23

IF (HISTeEQe2) GO TO 902

CALL ABSOCOF (TSSsRHOIP124H2 sHeHPLUS +HE s HEPLUS s HE2PLUS+EMINS )

DO 900 KCD=1,58

COF1 (KCDeN)=A(KCD)

CONTINUE

XHH(N)=H2#AA1

XH(N)=H*AA]

XHE (N)Y=HE#AA1

XHP (N)=HPLUS%*AA1

XHEP (N)=HEPLUS*AA]

XHE2P (N)=HE2PLUS*AA1

XEMIN(N)=EMINUS*AA1L

Cll=R1#2.5

IF (TSSeLTe6000e) GO TO 51

CPH2=R1 #(3e363+4¢656E-4%TSS~5e127E~B8%TSS%#2+42 ¢B02E-12%TSS*#%#3-44905
1E=17*#TSS**4)

CPH=R]1 #(2e475164+7e366387E-S#TSS=2¢537593E~8#TSSHH2+2,386674E~1 25T
1SS*#3-4e551431E-1T7#TSS*%q)

CEMIN=R]1#(2¢508-6e332E-6#TSS+1 e364E~9#TSS*#2-14094E-13%TSSH¥342 .93
14E-18%TSS*#¥*4)

GO TO 52
CPH2=R1%#(3¢100190+5¢111946E-4%TSS+5426442E~BH#TSS*##2~3,490997E~11%#T
1SSH#%#3+3e69453E-15XTSS*¥ %4 )

CPH=C11

CEMIN=C11

CPHE=C11

CPHPL=C11

CHEPRP=C11

CX=CPH2#XHH (N) +CPHEX¥XHE (N)+CPH¥XH (N ) +CPHPL®¥XHP (N)+CEMIN®*XEMIN (N)+C
1 HEP#XHEP (N)

CX2=XHHIN)¥2 ¢ +XH(N)+XHE (N) *#4 ¢ +XHP {N)+XEMIN(N) *#0¢5486E-3
CX1=CX/CX2%4¢181E7

IF (NeEGe51) GO TO 9

CRPIN)I=CX1/(CPI*CPS(M))

GO TO 23

CPS(M)=CX1/CPI

CP(51)=1.

CONT INUE

IF ( HIST+EQe2) GO TO 905

IF (NORAD ¢EQel) GO TO 905

1F (NDeEQe ICONT) GO TO 904

IF (ICONTeNEesles) GO TO 905

IF (MeNEel) GO TO 905

DO 93 N4=1,51
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QFX(N4)=0e
DQY (N4 )=0e.
93 CONTINUE
GO TO 905
904 CALL RADAT
905 CALL TRANSP
IF ( HIST.EQe2) GO TO 83
CALL ENERGY
HIST=2
GO TO 105
83 CALL MOMENTM
ICONT=ICONT+1
IF (ABS((U(Mes20)~UST)I/UST)eGTe0+4040) GO TO 8
IF (ABS((D(Me+20)~-DST)/DST)eGTe0030) GO TO 8
IF (ABS((T(Ms2 )=TST)/TET)eGTe0e015) GO TO 8
IF (ABS ((DIFU-DEFU)/DIFU) «GTe0e410) GO TO 8
IF (ICONT oLTe4) GO TO 8
WRITE (6+113) MeNS(M)e ICONT 1 X{M)
113 FORMAT (///743Xe%STATION M=%¢12¢5Xs ANS(M)=*s El2e4¢ SXs #ITERATIO
1 N=¥y J245SXe%X(M)=%9FQe1)
WRITE (6+112) QCONsDIFU +QTOTLETHP (M)
112 FORMAT (//42XsHQCON=¥*4FE11e4+sSXe¥DIFU=R4E11e4 % QTOT=%+E11e40
1 * ETHP(M)=%,E11444/)
WRITE (6+472)
72 FORMAT (/42X e #U~VELOCITYR 46X e #¥V-VELOCITY*¢8Xes ¥PRE®+11Xs*¥TEMP¥*, 10X
1o ¥DENSITY*e OXoe¥ TDIMAeIX s ¥QFXP H 46X e RQFXME e OGX e N YH o1 OX o #¥N¥o/)
DO 79 N=1,51
TT=T(MsNIRTS (M)
TTI=TTHVINF*%2/CP ]
WRITE (6+75) U(MsN)sV(MeN)s P(MeN)e T(MeN)s D(MeN) s TT1+sQF XPI(N)+QFX
1 M(N)esY(N)sN
75 FORMAT ( 1Xe9E14e4¢3Xe12 )
79 CONTINUE
WRITE (60%?)
62 FORMAT (//48Xe #XH2% 412X ¢ *XHE* ¢ 12X ¢ #XH¥ ¢ 12X o ¥ XH+% ¢ 1 1 X o ¥XE=¥*o 11X ¢#C
IP®412Xe % TKHEo12X o #MUN ¢ SX e XN¥*4/)
DO 65 N=1+51
TKKI1=TK(N)*TKS (M) #CP [ *MUREF
MUU] =MU (N ) ¥MUS (M) *MUREF
WRITE (661 ) XHH{N)es XHE(N) e XHIN) o+ XHP (N) s XEMIN(N) s CP(N) s TKK1 ¢+ MUUI
1 N
61 FORMAT ( 1Xe8E14e3e¢3Xel2)
THRP1L (N)=TH(N)
65 CONTINUE
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24
123

66
67

60

201
202

M MOOD?>

oOOo>»

IF (NOPRELEQel) GO TO 24
Q01 (M)=QFXP (51 )%*CCC1
M=M+1

ICONT=1

IF (I1111eEQe2) GO TO 66
IF (MoeLTeMA1l) GO TO 33
GO TO 67

IF (MeLTeMBP) GO TO 33
ASS=(NS5(4)-NS5(1)) /6
AS(1)=NS(1)
AS(2)=AS(1)+ASS5
AS(3)=AS(2)+2*%ASS

DO 7 M1=4.MBP

A5 (M1)=NS (M1)

CONT INUE

IF (I1111eEQel) GO TO 111
GO TO 60

NST=NS(3)

1111=2

GO TO 10

CONT INUE

IF (NORAD +EQel) GO TO 201
IF (NOPRE+EQel) GO TO 20!
RETURN

GO TO 202

STOP

END

SUBROUT INE DATAIN

COMMON /R1/ A(58)+B(5B)eF1(S58)F3(58)+F(58)s VO(10)eWl (58)

DATA(F1(1)91=1458)/ 14¢595+1365951136215+13¢08B63113e0160126765
1267250125454 126284¢12¢1064126086+12e082¢1240644+11.884,
1161964105969 106246¢10e¢2014100196541061955¢1061919410e1460

Ge6969 9¢000s 70000
208351 2655 25790

1898+
e947,
e315.

1889
850
0297«

14887
eT731

02160
DATA

5000
20552
1e878,

«H568,
Qe)QO/

4 0000,
20546

1788
0654 4

3e¢4000¢ 3e020¢ 248750

20519¢ 2e249¢ 14988,
1eS511e 1131 987«
0591, e470 0396

(F3(1)0I=10e58)/ ¢4B2E-34e716E-39e8B31E~34¢879E-3+1+900E-3»

0 F34E~300966E-340992E -3¢0 105E 2901 10E-2+0113E-24e113E~2
el 14E~20 011 7E=~24e¢130E-2¢e]153E-290174E-21+]1B7E-2+4189E-2»
e 18BIE~21618B9E-2+0190E~2+e205E~2+0246E~2+403E~2+.980E-2
0225E=19e400E—-14¢609E-14e¢782E~14+¢B60E~14e¢969E~1434112E+0»
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1

1

1

1

1

1

1

DATA

DATA

DATA
5

RETU
END

SUBR
COMM
comMm
IF «
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA

DATA

DATA
DATA

el 18BE4+000121E+04¢123E+04e149E+09e212E+04e273E+04¢295E+00

e 297E4+0 ¢ ¢ 300E+0 40 325E+00e452E+09 ¢ 905E+00e170E+19e221E+1 ¢

¢27TE+190410E+]1 ¢ 5S8T7E+1 10693E+14e833E+1 90 138E+29¢250E+2

45 TE+2 ¢ e 6F99E+2 4o 125E+3 0 159E+4/

(FUI)eI=1458)/ 161941004+ e6986+09674¢960+1039484e93741692914913

0897408904 ¢889 4 ¢888¢0881 484G 4e8C546770106752407500e75C+e7500

0748+ ¢7300068843e598849644110331062724023610217402100e20240192

0158940187001 860el 75061560061 43¢e¢1374e¢13990138¢e1350e121 02609720

00779400711 400661160581 1e0U5154e04864e085845003904,03184¢¢0261 ¢

00225401894 00794/

(VOC(I)e I=1410)/ 106196412e¢084112¢745413e05141¢888+12¢549,
2085594661 4967+ 306/

(W1(])el=1e53)/ 3354414659591 36595413e215¢136086¢13e016412e76
012072511 2e545¢12e284+120106012¢086412e0820¢126046411e884
1101964106696 +10424641062016106136541061955410019141046146,
9469619600047 e00015400004eVU0043e40043e0201Z2e87592e835126655,
2e57912e55242654612e51942e24941 ¢9884+1e¢89841:8894¢1.8874+1.878.,
1e788¢1e¢5114910131¢0e6987¢0e6947+0e85040e673140e588¢0e654+065F1
Qed470060639640¢31540e29740e216/

RN

QUT INE ENTHALP ( TEMP. CHZ ¢ CHe CHE s CH2P «CE+CHP +CPCENTHC)
ON /ENTH/ THH2s THHs THHEs THHPs THE
ON /CONST3/ AHZ (34 7)Y AHP (347 ) 0 AHZ2P (347 ) s AHE (34 7))+ AHEP (3¢ 7) ¢
AE(3¢7) +AH(347) KE
KEeNEel) GO TO 15
(AH(1 o1) 01 =197)/205¢00+00900300426547162E44-4e601176E-1/
(AH(2¢1)41=107)/2654N000090eeNe02e547162E4¢~4e601176E~1/
(AH(301)e1=107)/2e647516407e¢36638B7E-5¢-2e537593E~-8¢2¢386674E~1
24=4e551431E~1702e523626E4+-367491375-1/
(AH2 (141 )9 I=197)/3e6057445+2e676520E-3+-5¢8U9916E~-6+56521039E~-
F9—=1e81l2273E-12+¢=9e¢8B904TE2+-2299705/
(AHZ2 (241 )11 47)/3e¢100190058111946FE~4+5e264421E-8e-36490997E~
11 43e694534FE-154-Be773804E24~1e962942/
(AH2(3+1)s1=147)/3e¢3630014e65600E~-4¢-5412700E~8+2¢80200E~124+~-
40905E-17¢—1e6018B00E34-3e¢716/
(AHP (1 01 )91=146)/2e530e90040¢30e91e840334E5/
(AHZ2P (101 )91=106)/2e81737543e657610E-34~-7e965548E~6+18¢26140E~
Fe~3e090228BE-124180027389ES5/ .
(AHZP(2¢1 )0 1=106)/ 3e32817562:¢26505067BIE-4 4] 42245209E-701~4
45902420E~1143e733756E-1541e7997470E5/
(AHE (1 ¢1)el=107)/2¢540¢90090e¢000s=T7e453749E2¢9e¢153488E~-1/
(AHEP(141)01=1¢7)/26590609060400040e6042e853426E5+1+608404/
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1
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1

1

DATA (AE(1ol)s1=107)/2e¢590¢90e90e90e1~7e453750E2+~1e173402E1/
DATA (AE(3+41)1e1=147)/2e5089-6e3320E-641e3640E-91-1+094E~13+2+9340E
~18e¢-7e450E24~1208E1/
DO 1 I=1+6
AHP (2« 1)=AHP (14 1)
AHP (3 1)=AHP (Y1)
AHZP (3¢ 1)Y=AH2P (24 1)
AHE (241 )=AHE(1 41
AHE(3+1)=AHE(1,.1])
AHEP (2+ 1 )=AHEP (14 1)
AHEP (3+ 1 )=AHEP (1,4 1)
AE(2¢1)=AE(11)
CONT INUE
R=1.98726
IF (TEMP+GT«1000,.) GO TO 2
J=1
GO 70 10
IF (TEMP+GTe60004)GO TO 3
J=2
GO TO 10
J=3
CPH=R* (AH (J o1 )4+AH (J12 ) ¥ TEMP+AH (J+3 ) ¥ TEMP*%2+AH (J 14 ) ¥TEMP* % 3+AH( J 45
yRTEMP* %4 )
CPH2=R¥ (AH2(Js 1 )+AHZ2 (J+ 2 ) RTEMP+AH2(J+3 )X TEMPXX24+AHZ2 (J+4 Y ¥R TEMPX¥ 3+
AHZ2 (J 5 ) *TEMP¥ ¥4 )
CPHP=R%® (AHP (Je1 )+AHP (J+s2) *TEMPH+AHP (J+ 3 )X TEMPX %24+ AHP (J 44 )X TEMP X% 34
AHP (J S5 ) ¥ TEMP%#4 )
CPHZP=R* (AHZ2P (J e 1 Y+AHZP (J+ 2 ) *TEMP+AHZP (J s 3)*TEMP* ¥ 2+AH2P (Je 4 ) XTEMP
HAJH+AH2P (J+S)IXKTEMP ¥R G )
CPHE=R¥ (AHE (Je 1 )+AHE (J42)*TEMP+AHE(J s 3 )X TEMPRX24+AHE (J ¢4 Y X TEMP %% 34
AHE (J+S)¥TEMP%%4 )
CPRE=R¥(AE(Jes1 Y+AE(J12 ) XTEMP+AE(J s 3)¥TEMP¥X2+AF (J 44 ) XTEMP* X 34+AE(JsS
) XTEMP* %4 )
R1=R#¥TEMP
THH=R1I¥ (AH(J2 1 ) +AH(J 42 ) /2 *TEMPHAH(J 93 ) /3 e ¥ TEMPERXZ24+AH(J o4 ) /4 o *TEMP
#EBZFAH(J ¢S )/ Se X TEMP* X4 e +AH(Je6)/TEMP)
THH2=RI* (AHZ2(J e 1 Y+AH2(Je2) /2 e ¥*TEMP+AHZ2(J 43 ) /3« ¥*TEMP*%24+AH2(J0s4) /4G »
ATEMPX%3+AH2(JeS5)/Se#TEMPR¥4+AH2 (U6 )/ TEMP)
THHP=R1#(AHP (J 4] Y+AHP (J 92 ) /2 *TEMP+AHP(J 23 )/ 3 e #*TEMPH#2+AHP (Je4) /4G
RTEMPRAILAHP (U5 ) /Se ¥ TEMPRX4+AHP (Js6)/TEMP)
THHZP=R I ¥ (AH2P (Js 1 Y+AH2P (U2 ) /2 ¥TEMPH+AHZP (Js3) /3 ¥*TEMPR¥X2+AH2P (J s
4)/ 4 ¥TEMPXX3+AH2P (V15 )/5e #*TEMP*# %4 +AH2P (Js6) /TEMP)
THHE=R1* (AHE (J 4 1 Y+AHE(J e 2 ) /2 e ¥ TEMP+AHE(J 23 )/ 3 e ¥ TEMP¥ %2+ AHE (Js4 ) /4 e
A*TEMPHAI+AHE (JeS ) /Se¥TEMPX*¥4+AHE (U6 )/ TEMP)
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o0

THE=RI®* (AE(J 1 ) H+AE(J12)/2e ¥ TEMP+AE(J 23 ) /3 e ¥TEMPX*¥%2+AE(J 14 ) /4 %¥TEMPH*
1 #3 HAE(Je5) /5« *TEMPX¥4+AE (Js6)/TEMP)
CPR=CPH¥CH+CPH2#CH2/2 ¢« +CPHP*CHP+CPH2P*CH2P /2 ¢« +CPHE®*CHE /4 « + CPE*CE /O
1 5486E-3

CPC=CP/(2¢3901E-8)

ENTH=THHX*CH+ THH2%#CH2/2 ¢ + THHP *CHP+ THH2P*¥CHZ2P/2 ¢« + THHE¥CHE /4 ¢« + THE*CE/
1 0eS48B6E-3

ENTHC=ENTH/(2¢3901E-8)

CPeeCAL/GM K CPCeeCM2/SEC2 K

ENTHe e CAL/GM ENTHCe e CM2/SECZ2 K

CH2 esCHo o CH2P s e CHP e 0 eETCoos s s e MASS FRACTION
RETURN

END

SUBROUT INE BODY

COMMON / BODY/ ZTA(20)s CK(20)s X(20)s DXsR(20)sBATA(20)+ MUREFEPS
COMMON /CONST/ GAMADY (S51)sY(51)+CC3(20451)

COMMON /ZINF1/ TINFs PREI« VELOI+ DENIs Ms ALTe I1l11le CPIIoXH2I
COMMON /INF/ VINFs DINF+CPI

COMMON /HEAT/ QCONDIFUsRATQTOTL

REAL MUREF s MUHHsMUHE + MACT ¢+ MUJMUS s MUH

WRITE (64+11)

11 FORMAT (/45X s #ZTA¥+9X s #¥BODY CURVE¥*s 66X e #R¥ 4IX e ¥MUREF ¥ ¢ 7X s ¥EPS*

1 BXs¥M¥*,/)

RN=23e¢

TREF=VELOI%*%2/CP11

MUREF=0e66E—6* (TREF*%] ¢« b/ (TREF+T70e5))%10,
EPS=MUREF/ (DENI *VELO]*¥RN)

EPS=EPS¥%#0e5

PI=3¢14159

X(1)=0e

ZTA(1)=PI/2e

BATA(1)=0,

CK(l)=1ls

R(1)Y=0e

DX=0s1

A=1e

M1=20

DO 5 M=2.M1

F1=DX*SQRT((A*¥¥24R(M=1)*#%2 )/ (AX¥242 4 XR(M=] ) %#%2))

F2=DX*SQRT ( (AX X224+ (R(M=1)+F 1 /2 ) ¥ X2 )/ (AXK24+2e ¥ (R(M=1)+F1/2¢ ) %¥%2))
F3=DX*SART ( (AX¥24+ (R(M=1)+F2/2e ) X#2) /(AXK2 42 ¥ (R(M=1)14F2/2e ) %%2))



€11

89

99

FAa=DX*SQRT ( (A¥%24 (R(M=1)+F3)%¥2 )/ (A¥¥2+2. % (R(M=1 )+F3)%%2))
R(MISR(M=1 )4+ (F1+2 e ¥F242e¥F3+F4)/60
W=SQRT (A#%2+R (M) #%2)
CK(M)ZA¥¥2/ (R(M) XX+ Wh*2 ) %¥] o5
ZTA(M)=ATAN (W/SORT (WHX2-A%*2))
BATA(M)=P1/2e=ZTA (M)

X (M)=X(M=1)+DX

WRITE (6489)ZTA(M)sCK (M) oeR (M) sMUREF ¢EPS WM
FORMAT (3Xe5EL2e444X412 )

CONT INUE
YY=1e00%(1=RAT)/ (1 -RAT*¥50)

DY (1)=YY

Y(1)=0e

DO 99 N=1.49

DY (N+1)=RAT*DY (N)

Y (N+1)=Y (N)+DY (N)

CONT INUE

Y(51)=Y(50)+DY(50)

DX=0e1

RETURN

END

SUBROUT INE SHOCK

COMMON ~/ BODY/ ZTA(20)s CK(20)e X(20)s DXeR(20)+BATA(20) s MUREF+EPS
COMMON /CONST1/ ALs AKe CTaKeKl1+MBPIMAL

COMMON /CONST3/ AH2 (397 )+ AHP (347 ) s AH2P (347 ) sAHE (347 )+ AHEP (3¢ 7) »
1 AE(3e7) sAH(347)sKE

COMMON /INF1/ TINFes PREIs VELOIl s DENIs Me ALTs I11le CPII«XH21
COMMON /PERC/ VI(20)+PINF(20)s ETHP(20)s DI(20)+CPL(20)e QO01(20)
1 PINFN(20)

COMMON /SDFDIS/ NS(20)sNS1 +NS2+PS1:AS5(20)

COMMON /SHOCK/ DS(20)s TS(20)s VS(20)e US(20)s PS(20)sMUS(20) ¢ TKS(
120)sARFA(20)+sCPS(20) «THS(20)

REAL. MUREFs¢ MUHHeMUHE s MACT s+ MUSMUS ¢« NSNS o NS2

DIMENSION HS(20)+HSS(20)+EH(20) «DNS(20)

HX21= XH21

MBB=MBP~1

wW=8,3143E7

AL=0667389~0604637#ALOG(XH21)

AK=0e65206-0604407%ALOG(XH2])

AM=0095252-0s1447*ALOG(XH21])

ANz=0e97556-0+16149%A1{ OG(XH2I)

WRITE (6¢39)



PIT

39 FORMAT (OXs¥PS%¥ s 15X s #DEN# ¢+ 15X e *¥TEMP¥ s [ 4Xe¥HS* e 16X e¥USHe 16X e ¥VSHk,
110X e ¥ME 28X+ #T (K)¥*4/)

IF (J111eGTel) GO TO 1
DO 11 [=1420
ARFA(I)Y=ZTALCI)

11 CONTINUE
GO TO 4

1 DO 12 1=2.MB8B
IF (1eEQeMBP) GO TO 2
DNS(I)=(AS(I+1)=AS(1=-1))/(2%DX)
GO TO 30

2 DNS(MBPR)=(AS(MBP)-AS(MBB) )/DX

30 ARFA(1)Y= ZTA(I)+ATAN(DNS(I)/ (1 e+CK(LI)*NS(1)))

12 CONTINUE
ARFA(1)=2ZTA(1)

4 CONTINUE
VINF=VI (M)
DINF =DI (M)
CPI=CPL (M)
VENF=VINF¥*1 ¢E-5
ZTAA=ARFA (M)
UT=VENF*SIN(ZTAA 1¥ (1l e+0e7476% (1 e-HX21))
CTU=-545e37+61 e 608%#UT-2e2459%UT*%#24+06039922%UT*¥%#3-0e600035148#UT *%4
1400000012361 ¥UT**5
CHT=5e661~0e52661 %¥UT+0e020376*¥UT*#2-0600037861 *%¥UT*#%¥3+040000034265%
1UTH*#4-0000000012206%UT*%xS
CH=CHT-0e3167% (1 ¢~-HX21)
CT=CTU+61 2% (1 e~-HX2Z21)
IF (MeEQel) GO TO 3
DS1=DS(M=1)
DS2=DS1+1 .

27 D9=DSs2
EH1I=ETHP (M) +SIN(ARFA(M)Y )X %2% (1 o= 1 ¢ /DS1*%2)/2
P1=PINFN(M) +SIN(ARFA(M) ) *%2% (1 e—-1e/DS1)
GO TO 301

9 EH2=ETHP (M) +SIN(ARFA(M) )% R2¥# (] o—=1e/DS2%%2) /20
P2=PINFN (M) +SIN(ARFA(M) ) *¥%X2% (1 e—-1e/DS52)
GO TO 302

3 DS1=6
DS2=9

28 D9=DS2
NS1=NS(1)
EH1I=ETHP (M) +0eD%* (1 e=]1e/DS1%%2)
PP=RP INFN (M) +(le~1e/DS1)
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19

302

PP =BATA(M)®¥2% ((1e=1e¢/DS1)¥*¥(1e=NS2/(1e+NS]))¥%2)
Pl1=pPP-PP1

DSS=DS1*DINF

PSS=P1 ¥DINF*VINF*%2

XA=PSS/1013250.

YA=DSS/06001292

TSS=CTH (XA¥*AL/YAX*AK)

RHO=DSS*1000

CALL NOBDEN (TSS ¢ RHOs H2sH«HPLUSHE s HEPLUS s HEZPLUS«EMINUS,
1 XH21 )

CALL VOLMAS (H2eHs HPLUS+HE s HEPLUS sHEZPLUS«EMINUSsYH2s YHs YHP
1 YHEs YHEP s YHEZ2P+ YE)

YH2P=0

KE=1

CALL ENTHALP (TSS ¢ YH2eYHesYHEIYHZP +YEsYHP«CPRCyENTHC)
KE=2

EHH] =ENTHC

DHI=EHH1/ (VINF¥%¥2)-EH]

IF (MeNEsl) GO TO 9

EHS=ETHP (M) +0eS¥(la=1e/DS2%%2)
PSI=PINFN(M) +(1le—1e/DS2)
PP1=BATA(M)IH%2% ( (1 e=1a/DS2)% (1 e=NS2/(1e+NS1))%%2)
P2=Ps1-PP1

PSS=P2%¥DINF*VINF**2

DSS=DS2*%DINF

XA=PSS/1013250.

YA=DSS/06001292

Z=W¥k27315/2¢304

TSS=CT* (XAX*AL /YAR*AK)

RHO=DSS#*1000

CALL NOBDEN (TSS o« RHOs H2sHHPLUSWHE s HEPLUS s HEZ2PLUS+EMINUS
1 XH21)

CALL VOLMAS (H2+Hs HPLUSIHE s HEPLUSHEZPLLUS+EMINUSsYH2es YHs YHP
1 YHEs YHEPRP+YHEZ2P, YE)

CALL ENTHALP (TSS +YH2sYHsYHEsYHZ2P s YE o« YHP «CPC+ENTHC)
EHH2=ENTHC

EH3I=EHH2/ (VINF#%2 )

IF (ABS((EH3-EHZ2)/EH2)eLTa04005) GO TO 100
DH2=EH3-EH2

SLOP=z(DH2-DH1 Y/ (DS2~-D51)

D3=pS2-DH2/SLOP

DHl =DH2

IF (D3eLTe5e) GO TO 8

IF (D3eLTelds) GO TO 18



911

18

100

29

69

052=D9+0e 1

IF (MeNEel) GO TO 27

GO TO 28

DS2=03

IF (NeNEel) GO TO 9

GO TO 19

PS (M)=P2

DS(M)=DS2

TSS=CTH* (XA¥*AL/YARKAK)

TS(M)=TSSHCPI/ (VINF*%2)

EH(M)=EHHZ/ (VINF*VINF)

VSP=-SIN(ARFA(M))/DS (M)

USP=COS (ARFA (M))
US(M)=USP*SIN(ARFA(M)+BATA (M) )+VSP*#COS(ARFA(M)I+BATA(M))
VS(M)==USP*COS(ARFA(M)+BATA(M) )+VSP*SIN(ARFA(M)+BATA(M))
THS(M)=EH(M)+US (M) %%2/2

WRITE (6429) PS(M)s DS(M)y TSIM)e EH(M)s US{M)aVS(M)s M4TSS
FORMAT ( 4Xes6ELl7ed4e4Xel2¢4XeELlLle4)

M=M+1

IF (MeGTe MBP) GO TO 69

GO TO 4

RETURN

END

SUBROUT INE NOBDEN (TSSeRHOs H2eHsHPLUSe HEs HEPLUSWHEZPLUS+EMINUS
1 XH21)

XH2=XH? 1

XHE=1 oe-XH2

ALPHAH=2 e ¥XH2

ALPHAHE =XHE

ALPHAC=0.

T=TSS

AMO=]1 e COB*ALPHAH+4 003 #ALPHAHE+12401 1 ¥ALPHAC

R=B8431441E3

C COMPUTE EQUILIBRIUM CONSTANTS - NATURAL LOGS

3

A=ALOG(T)

STARN=602252E26% (RHO/AMO)
B=le/T

Cl=69¢939357-51964+%B
C2==49¢234384~(1e5%¥A)+157810.%8
AKK=ALPHAHE*STARN
IF(ALPHAHE«EGe Qe )GOTO4G
C3==50e620678=(1e5%#A)+283287 ¢¥*B
C4=~994 161915~ (3e*A)+916687 %8B
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IF(C4eGTe7416)C4=741,

IF (ALPHAC=-0e)5,47,5
CH=292+632558~(1¢25%A)-197547e4*B
C6=2218¢091512~A-146258+4%83
C7=144¢311945~(e5%¥A)~-102732.0%8
CB=68e629830~-40279¢5%8
C9=-49e522066~1 ¢ S5*¥A+ 130774 «8%B
ClO0=-97657838~3¢%¥A+4137823%B
FORMAT(1H //)

COMPUTE SPECIES NUMBER DENSITIES

AK=ALPHAH*STARN

AK1=EXP (C1)/ (4 %K)

AK2=2 ¢ *AK¥EXP (C2)
El1=1e¢—-AK]1¥(SART(1e+(2e/AK1))~10)
E2=(1e/AK2)# (SQART (] e +2e¢*¥AK2) =104 )

IF (ALPHAHE +EQeQe )GOTO8

AK3=AKK*EXP (C3)

AK4=AKK*EXP (C4 )

AK34=EXP(C3)/AK4

Al =ALPHAH/ALPHAHE

E2AL=E2%A]1

D=(1e/AK3)+ (E2AL)

A2=1 o +E2AL+AK34

EQ4=¢SHA2H (SQRT (1 o+ ( (4 e ¥AK34 )/ (A2¥%#2)))=10)
E3=oS*D* (SQRT (1 e+ ( (44 /AK3)/D**2))~1 e )-E4
E12=E3+2+%E4

IF(ALPHAC=-04)9¢99+9
AKA=AK¥#¥SQRT (2¢#E1 #AK] )

AKS= (AKA*# %4 ) /EXP (CS)

AK6= (AKA%#%3)/EXP (C6)

AK 7= (AKA**#2 ) /EXP (C7)

AKB8=(AKA)Y/EXP (C8)

ACNSTR=ALPHAC*STARN

AK9=ACNSTR*EXP (C9)

AK19=] ¢ /AKI

EA=1e/ (1 e +AKS+AKE6+AKT7+AKS)

ES=AKS*EA

E6=AK6*EA

E7=AK7*EA

E8=AKB*EA

AA= (4 e ¥ES )+ (3 e*¥EG )+ (2 *ET7)+EB
IF(ALPHAHE«EQeO¢)GOTOI10
E11=((E2*ALPHAH)+ ((E12)%ALPHAHE) ) /ALPHAC
E10=1e/ (1l e+ ((E2¥AK)+ (E12%AKK)I*EXP(C10-C9))



8TT

10

99

11

50
12

77

13

E9=eS*(E114+AK19) ¥ (SQRT (1 e+ ( (4 *¥AK19)/(E114+AK19)%%2))~1e)-EI1O
GOTO099

E10=1e/(1 e+ (E2*¥AKI*¥ (EXP(C10-C9)))

EE=E2* (ALPHAH/ALPHAC)+AK19

EO9z e SH¥EE* (SQRT (1 e+4e ¥AK19/(EE*EE))-1e)-E10
CONT INUE

H2=e5S*E1¥*AK

H=(1e—El1-E2)¥*AK

HPLUS=E2#AK

IF (HPLUS L TeO e )HPLUS=04

IF (ALPHAHE«EQeOe )GOTO1 1

HE=(1e—~E3-E4 ) *AKK

HEPLUS=E3*AKK

HEZ2PLUS=E4*AKK

EMINUS=HPLUS+ (E12%AKK)

Z=((1e—=(E1/2¢ )+E2)XALPHAH)+( (1 e+E12)*ALPHAHE)
GOTO50

Z2=(1e=(El/2e¢)+E2 ) *ALPHAH

HE=0e

EMINUS=HPLUS

HERPLUS=0s

HE2PLUS=0.

IF (ALPHAC-0e)12¢14412
H2=H2=((E1/(1e+E1))*AAXACNSTR)

HH=(( ({1 e~E1)/ (1 e+E1))¥AA)—(EQ9*( (] e~E2)/(2e—-E2)) ) )*ACNSTR
HPLUS=zHPLUS—-(E9* ( (1 e~E2)/(2¢~E2) )*ACNSTR)
IF(HPLUSeL TeOe )HPLUS=00

IF (ALPHAHE¢EQeD e )GOTO77
BBB=(E3%(1e—=E3)¥ (1 e+E10))/((E3¥(2e~E3))1+A1)
CC=(2e¥EQG* (1e6=E4) )/ ( (1 e+ (2e¥E4)—=(E4%¥%2))+A1)
HE=HE+ (BBB*ACNSTR)
HEPLUS=HEPLUS—- ( (BBB-CC)*ACNSTR)
HEZ2PLUS=HE2PLUS~ (CC*¥ACNSTR)
EMINUS=EMINUSH+((EF/ (2¢-E2) )+ (2 *¥E10)-8B-CC)*¥ACNSTR

Z=Z+(1e—AA/ (1 e+E1 )+E9/ (2¢~E2)+2 e *¥E1O0-(E3*¥ (1 e-E3)* (1 e+E10))/(E3+Al)

1-CC)I*ALPHAC

GOTO13

HE=0oe

HEPLUS=0e.

HE2PLUS=0+
DD=E9/(2¢~-E2)+2¢*E1 0
EMINUS=EMINUS+DD*ACNSTR
Z=Z4+(1e—AA/ (1 e+E1 )+DD)Y*ALPHAC
CH4=ES*ACNSTR
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CH3=E6*#ACNSTR
CH2=E7#ACNSTR
CH=E8*ACNSTR
CN=(1e—ES-E6-E7-EB-E9—E10)*ACNSTR
CPLUS=E9*#ACNSTR
C2PLUS=E10%*¥ACNSTR
GOTO88

CH4=0+

CH3=0.

CH2=0+

CH=0e

CN=0+

CPLUS=0.
C2PLUS=0.

CONT INUE

RETURN

END

SUBROUT INE TRANSP
COMMON /7 BODY/ ZTA(20)e« CK(20)s X(20)+

COMMON /CONST1l/ AL+ AKs CT

DXesR(20)+BATA(20) s MUREF+EPS
COMMON ZCONST/ GAMAWDY(S51)sY(51)¢CC3(20451)

COMMON /DEPEND/ T(20+51)+sP(20451)+D(20451)4U(20451)sV(20451)sXHE(S
11)eXHH(SE ) e XH(S]1)eXHP (51 )+CP (51 ) e XHEP (51 )¢ XHE2P (51 )¢ XEMINI(S1)

COMMON /INF/ VINFe DINF.CPI

COMMON /INFI/ TINFe PREIs VELOls DENI
COMMON /SDFDIS/ NS(20)sNS1+NS2

COMMON /SHOCK/ DS(20)s TS(20)s VS(20)s
120)+ARFA(20)

COMMON /TRANS/ TK(51)eMU(S51)+TKDI

REAL MUHH. MUHs MUHEs MUDs MUREF s MSD.
Kz5]

DO 10 N1=1,51

N=52~-N1

NNN=N

TEMP=T(M«N)*¥TS(M)*VINF*¥%2/CP]

MUHH=0 ¢ 66E—6*TEMP®%1 ¢S/ (TEMP+70e5)#10

Me ALTo»

US (201

MU s MUS

MUHE=1 e SSE-6% (TEMP ) ¥%] ¢ S/ (TEMP+9748)%10.

TKHH=3e21 1E~S5+5¢344E-8*TEMP/ (6e¢718E-2)
TKH =2e496E~54+5¢129E~B8*TEMP/(6¢718E~-2)
MUH= TKH¥4e/(15e%] ¢987)
TKHE=MUHE*]1Se¥%*] ¢987/16

PCl1=1e

PC22=1.

I111s CPI11

PS(20)+MUS(20) ¢ TKS(
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PC33=1.

PC12=(1 e+ (MUHH/MUH)* X0 ¢S% (0S5 ) #¥0e25)#%#2/SQRT (244 )
PC13=(1 ¢+SARTI(MUHH/MUHE ) #2+#*#Qe25)%#%#2/SQART(124)
PC21=(1 e +SQART (MUH/MUHH ) #2 ¢ *%# 0 ¢25)%¥#2/SQGRT (124)
PC23=(1 ¢ +SQART (MUM/MUHE ) ¥4 ¢ ¥ %0425 )#%2/SQRT (10
PC31=(1 e+SART (MUHE/MUHH)I*¥ (Ve DU ) X ¥ U e )1 X¥2/50R 1 (24 e )
PC32=(1 e +SQART (MUHE/MUH )% (0e25)%#%* 0425 ) %#%*¥2/SQRT (404
PCHH=XHH (NNN)#PC11+XH(NNN)*PC12+XHE (NNN)*PC13
PCH=XHH (NNN)#PC21 +XH (NNN) #PC22+XHE (NNN) *¥PC23
PCHE=XHH (NNN) ¥PC31+XH(NNN)*PC32+XHE (NNN) ¥PC33
PC=PCHH+PCH+PCHE

MUD= (XHH (NNN) #MUHH ) /PCHH + (XH(NNN)¥MUH)/PCH + ( XHE (NNN)¥MUHE ) /PCHE
TKD= (XHH(NNN) ¥ TKHH ) /PCHH + (XH(NNN)*TKH)/PCH + ( XHE (NNN)*TKHE ) /PCHE
TKD=TKD#4 ¢« 18E7

IF (NeGTel) GO TO 5

TKDI=TKD

IF (NeNEeK) GO TO 2

MSD=MUD/MUREF

TKSD=TKD/ (MUREF *CP1 )

MUS (M) =MSD

TKS(M)=TKSD

CONT INUE

MU (N)=MUD/ (MUREF #MSD)

TK(N)=TKD/ {MUREF*CP I ¥TKSD)

CONT INUVE

RETURN

END

SUBROUT INE ABSOCOF (TSSeRHOsP12+H2eHs HPLUSI+HE +HEPLUSs HEZ2PLUS .
1MINS)

*#%  CALCULATION OF ABSORPTION COEFFICIENTS  #%%
COMMON /R1/ A(S8)+B(S8B)«F1(58)1+F3(58)+F(58)s VO(10)
DIMENSION S(10)+G(10)

REAL NH2 ¢« NH e NHP s NHN ¢ NE s NHE ¢« NHEP s NHE 2P
NH2=H2/1000000.

NH=H/1000000,

NHP=HPLUS/1000000

NHN=O o

NHE=HE/1000000 .

NHEP=HEPLUS/1000000

NHE2P=HE2PLUS/ 1000000

NE=EMINS/100000U,

E
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P=P12
T=TSS
ST = 157780e/7

*%% FREE-FREE AND BOUND-FREE TRANSITIONS FOR HYDROGEN ##x

(o) |
c2

Ge93E~15%NH
1e23E~-1SHNH*EXP (- 75%5T)

c3 3e6TE-16*NH¥EXP (—+8888%S5T)

Ca 1 eS5SE~16MNHYEXP (= e9374%5T)

D1 = 140E-6#(NE*%,286)

IF(D1eGTee38) Di=e38

Al = 3el6E=-20#NHXTREXP (= (1e¢0-D1/13¢595)¥ST)*(EXP((e04-D1/13e595)%
1ST)-140)

CD = 1¢35E-35*NHP¥NE/SQRT(T)

A(l) = F3(1)*C1

A(2) = F3(2)%C1

CC =z CD+C2+C3+C4a

W = (160=90736%*D]1 y#*2

A(3) = F3(3)I%CC + ¢014%C1 % (1 e0-W)/W
DO 20 1=4.28

A(l) = F3(1)y*CC

CC = CC-C2+Al

W = (1e0~¢294%D1 )*%2

A(29) = F3(29)%CC + +23%C2%(1e60-W)/W
DO 30 [=30.44

A(l) = F3(1)*CC

CC = CC-C3

W = (160-4662%D1 ) *x2

A(a5) = F3(45)%#CC + 1153#C3*¥(1e0-W)I/W
DO 40 I1=464+.48

A(l) = F3(I)*CC

CC = CC~=Ca

X = «85-D1

DO 45 [1=49,53

IF(F1(1)=X) 4644748

W = (X/F1(l-1))**x2

Wl = WHF1(I=1)%F1 (I-1)Y*(F1(I=-1)=-F1(l))
A(l) = F3(1)*CC + Caxw/wl

K1 = 141

GO TO 49

A(l) = F3(I)*(CC+C4q)

Kl = I+1

GO TO a9

#ouounH
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48 A(I) = F3(I)*(CC+C4q)
45 CONTINUE
K1 = 5S4
49 CONTINUE
DO 50 1=Kl 58
50 A(I) = F3(I)*CC

*¥%# BOUND-BOUND TRANSITIONS FOR HYDROGEN  #*¥%#*

Sl = 1e¢098E-16%NH
S(1) = «¢4160%5}

S(2) = «0791%#5]

S(3) = «0290%51

S(4) = «¢0139%51

S2 = S1I*¥EXP (—e75%ST)
S(5) = 2560%52

S(6) = 0e447%#S2

S5(7) = 0e179%*52

S2 = S1*EXP (-«8888%ST)
S(8) = 7.578#%*52

S(9) = 1.355%52

S2 = S1I¥EXP(—e9374%ST)
S(10) = 16e61%S2

G(1) = 4¢eS3E-1S*(NE*¥*e6667)
G(1l) = e42%*%G(1)

G(2) = 4430%G(1)

G(3) = Bel2%G (1)

G(4) = 1344%G(1)

G(5) = 1480%#G (1)

G(6) = He44%G(1)

G(7) = 11e5%G(1)

G(8) = 258%G(1)

G(9) = Be63%#G(1)
G(10)= 3¢33%G(1)

DO 300 1=3+85

PS = Qe

DO 200 J=1l.4

PS = PS + (¢3183%S(J)R(ATAN((FL1(I=-1)=-VO(U))/G(I))-ATAN((F1(])-

IVOLIII/G(N)II/(FL(I-1)=F1 (1))}
200 CONTINUE

A(Cl) = A(l) + PS
300 CONTINUE

DO 301 1=29+44

PS = Oe
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DO 201 J=5.7
PS = PS + (e3183%S(J)*¥(ATAN((FL(I=1)-VU(J))/G(I))I-ATAN((FL (1)~
IVO(UII/GLUMY I/ (FLI(I=1)=F1(1)))
201 CONTINUE
A(l) = A(Cl) + PS
301 CONTINUE
DO 302 1=45.48
PS = Do
DO 202 J=549
PS = PS + (63183%S(J)* (ATAN((F1(I-1)=VU(JU)I/G(J))=ATANI(F1(]I)~
tVO(UYYyWGUUNIZ(FL(I—-1)1=-F1(1)))
202 CONTINUE
A(l) = A(l) + PS
302 CONTINUE
DO 303 1=49.58
PS = 0o
DO 203 J=5410
PS = PS + (3183%#S(J)®IATANI(F1{]1~1)=VO(JU))/G{U))=ATANI(F1(]1)=-
IVO(J)Y)Y/GUU)II/(FL(I-1)=F1(1)))
203 CONTINUE
A(lYy = A(I) + PS
303 CONTINUE
990 CONTINUE

* 3% CORRECTIONS FOR INDUCED EMISSION %%
M = 58
DO 500 I[=1.M
ACI) = ACI)*(1e0=-EXP(-F([)*ST})
500 CONTINUE
RETURN
END
SUBROUT INE BLBODY

*#%  CALCULATION OF BLACKBODY FUNCTION ¥*#%*
COMMON/T1/T s RHO 9 XH2 9 XHE « P o NHZ 9 NH « NHP « NHN « NE « NHE « NHEP + NHEZ2P

COMMON /R1/ A(SB)+B(58)+F1(58)¢F3(58)+F(58)s VO(10)sW1(58)
REAL NH2 « NH o NHP s NHN ¢ NE « NHE » NHEP + NHE2P

BL(X) = ¢15309% (6e* (X+]1e)+X¥XX(X+3e))*EXP (~-X)
ST = 157780.0/7

M = S8

N = M-l

N1 = M+1

DO 10 [=1sN
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Y = F1(1)¥ST/13595
IF(YelLTe2¢0) GO TO 5

B(I) = BL(Y) +eU625*BL(2e%Y) +¢01235*¥BL(3e%*Y)

GO TO 10

CONT INUE

B(I) = 160 —e0S5133%YRYRYH(]40-e375%Y+e05%Y*Y)
CONTINUVE

B(M) = 10000

DO 20 1I=1eN

J = N1-1

K = J=-1

B(J) = B(U)-B(K)
CONT INUE

RETURN

END

SUBROUT INE RADAT

COMMON /CONST/ GAMAWDY(51)1eY(51)+CC3(20+451) +CCC1

COMMON /CONST6/ YHesYKsTB

COMMON /DEPEND/ T(20¢51)¢P(20¢51)4D(20¢51)4U(20451)eV(20e51)¢XHE(S
11)eXHH{S1)e XH(S1)eXHP(51)sCP (51 )+ XHEP(31)+XHE2P (51 )+XEMIN(51)
COMMON /SHOCK/ DS(20)s TS(20)s VS(20)s US(20)e PS(20)4MUS(20) s TKS(
120)+¢ARFA(20)CPS(20)

COMMON /INF/ VINFs DINFsCPI

COMMON /INF1/ TINFe PREIs VELOIs DENIs Ms ALTs 1111e¢ CPI11

COMMON /RAD/ COF1(58+51)s QGFXP(51)«QFXM(51)QFX(511)+DQY (51)

COMMON /R1/ Q(58)+B(58)¢F1(58)1F3(58)F(58)e VO(10)eW1(58)

COMMON /SDFDIS/ NS(20)eNS1+NS2+PS1+AS(20)

DIMENSION V1(58)+V2(58) COF3(58¢51)+COF2(584¢51 )

1 EI2(S1)eEI1(51)¢E2(51)¢QP1(51)+sA(51)1+E3(51)+QPT2(51)+:EJL (51)0EJ2
2(S1)sEM2(51)+GM1 (51 ) W1 (5B)+W2(58) +DD(50),W3(58)+W4(58)

REAL NS

EXTERNAL FX +FX1

1Qw=0

K11=50

CCC1=DINF*VINF*%*3

A0=0e26777343

A1=8.6347608925

A2=180590169730

A3=8.5733287401

B0=3.958469228

B1=21.09965308

B2z22563295614
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302

B3=9.5733223454

DO 21 N=1+50

DDI(N)=DY (N)*#23%NS (M)

CONT INVE

YE=048

YH=6:625E-27

YK=1e380E-16

XX=2 e #YH® (YK/YH)RXG/ (3sE10%%2)
M5=58

EPS=04011

DO 66 N=1,+51
TSS=T(MeNI¥TS(MIXVINF*#%2/CP1
DO 2 1=1457

wW2(1)=wl(l+1)

CONT INUE

wW2(58)=0e01

DO 19 [=1.58

VI(I)=YHEWI (1 )/ (YKXTSS)%#3,E18/12402115E4%
V2(I)1=SYHXWZ2 (1 )/ (YKXTSS)%#3,E18/12402115€E4

W3(I)=W1(1)%#3sE18/1+2402115E4
WA (I )=W2(])%#3eE18/12402115E4
CONT INUE

DO 67 K=1,M5
XX1=XX*TSS**4

CALL ROMBS (V2(K)sV1 (K)sFXsEPSsSUM
COF2(KsN)=XX1%*SUM

IF (IGWeEQe0) GO TO 67
CALL ROMBS (W4 (K)sW3(K)+FX1+EPSsSUN
XX2=YE*YH/ (3eE10%%2)
COF3 (KN )=XX2*SUN

CONT INUE

CONT INUE

DO 1 N=2,51

IF (NeGTe40) GO TO 302
ND=N/2

ND=ND#*2

IF (NDeNEeN) GO TO 1
N1=N-1

N2=N+1

QaPPP=0

GMMM=0

DO 10 K=14MS

DO 9 I=1sNI1

J=l+1

s IERR)

+IERR)
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EI1(J)=DD(I)*(COF1 (KsI)+COF1 (Ko l+1))/72¢
9 CONTINUE
DO 3 I=1+«N
EI2(1)=0.
J=1
4 IF (JeEQeN ) GO TO 3
EI2(1)=El1(J+1)+EI2(1)
J=J+1
GO TO 4
3 CONTINUE
EI2(N) =004%DD(N1)¥*COF1 (KeN)
DO 5 I=14N
IF (EI2(1)eGTeley GO TO 70
E2(1)=1 e+ (0e5772-1e+ALOG(EI2(INMIIHEIZ2(I)I-EI2(1)%%2/2s+E12( 1) %X3/12
1e
GO TO 5
70 X=gEl12(1)
IF (XeGTe200) GO TO 152
E111=EXP(=X)*(AO0+A] ¥XF+A2¥XAR2FAZEX KRB +XXRL )/ (XK (BO+B1 ¥X+B2¥X*%2+8B3
1 EXHEJEX%%G) )
E2(1)1=EXP(-X)=X*E111
GO TO 5
152 E2(1)=0+
S CONTINUE
QP1(13=0.
DO 7 I=2«N
QPRI (I1)=DD(I-1)/2% (COF1 (KeyI=1)#COF2(Kesl~1)¥E2(1=1)+COF1 (Ko [ )¥COF2(K
1+ [I*E2(1))+QP1 (1~1)
QPP=QP1 (1)
7 CONTINUE
QPPP=QPP+QPPP
10 CONTINUE
QPT2(N)=0s
IF (1QWeEQe0O) GO TO 210
DO 100 K=1+M5
A(l1)Y=0e
DO 101 I=2+N
A(I)1=DD(I~1)/2e¥(COF1 (Ko I-1)+COF1(Ksl)I)+A(I~1)
All=A(1)
101 CONTINUE
IF (AlleGTele) GO TO 71
E3I(N)I=0eS~All+0e5#(~0e5772+1eS—ALOG(A]I]))HALIIXX24A] I #X3 /6,
GO TO 72
71 X=All
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151
72

100
210

74

150

IF (XeGTe200) GO TO 151
E111=EXP(=-X)I*(ACHA]I ¥X+A2#X ¥ #2LAZ XXX +X¥¥4 )/ (X*(BO+B1 #¥X+B2AX##2+8B3
1 HXERIJEXRRY ) )

E222=EXP(=X)—-X#*#E111
E3(N)IS(EXP(=X)=X*E222)/2.

GO To 72

E3(N)=0e

CONTINUE

QP T2 (N)=E3(N)¥COF3(K«N)+QPT2 (N)

CONT INUE

QMMM=0

IF (NeEQe51) GO TO 190

DO 112 K=1+MS

DO 113 I=N1.+50

J=1+1
EJ1(J)=DD(I1)/2e*(COF 1 (Ks1)+COF1 (Kel+1))
CONT INUE

EJ1 IN1)Y=0,040%DD (N1 ) *#COF1 (K«N)

EJ2(N )=0e

DO 114 1=N2+51

IF (N2+EGQeS2) GO TO 114
EJ2(1)=SEVI(1)+EJ2(1-1)

CONTINUE

EJ2(N)=EJI (N1)

DO 115 I=N +51

IF (N2+:EQe52) GO TO 115

IF (EJ2(1)eGTele) GO TO 74

EM2(1)=1 e+(e5772=1¢+ALOG(EJ2(I NI IREJ2(])=EJ2 (1 )RX2/2,+EJ2(11#%#3/12
le

GO TO 115

X=gJ2(1)

IF (XeGTe200) GO TO 150
E111=EXP(=X)¥(ACHA] *X+ASEXKA2H+AZEX KR+ XE¥G )/ (XX (BO+B1 ¥X+B2¥XX ¥ #2483
THXRRBEXERL ) )

EM2 I I=EXP(-X)-X*E111

GO TO 115

EM2(1)=0e

GO TO 115

CONT INUE

QM1 (N~=1)=0.

DO116 [=N2+51

IF (N2+¢EQeS52) GO TO 116

IP=1~-1

QM1 (IP)I=DD(1-1)/2% (COF 1 (Ko I-1)*¥COF2(KoI—-1)#¥EM2(I-1)+COF) (Kes ] )®COF2
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160
116
103
112
190

303

889
888

1 (K [IXEM2(] ))+QM] (IP-1)

QMM=QM1 ( [P)

CONT INUE

QAMMM=QMM+ QMMM

CONT INUE

QFXP (N) = (QPPP+QPT2 (N))*6,2831/CCC1
QF XM (N) =QMMM*6.28318/CCC1
QFX(N)=QF XP (N)=QF XM (N}

CONTINUE

DO 303 N=343%9+2

QFXP (N)=(QF XP (N+1 )+QF XP (N-1))/2

QF XM (N) = (QF XM (N+1 Y+QF XM (N=1))/2

QF X (N) = (QF X (N+1 )+QF X(N-1))/2

CONT INUE

QF XM (1)Y=QF XM (2)

QFXP (1 )=0«8#5.668E-5*(TB *%#4)/CCC1H
QFX(1)=QF XP (1)-QF XM (1)
DQY(1)=(QFX(2)~-QFX(1))Y/DY(1)/NS (M)
DAY (51 )=-(QFX(50)-QF X (51))/DY(S0)/NS (M)
DO 888 1=2.K11
AAT=DY(I=1)/7(DY (I )y*¥(DY(I-1)+DY(1)))
AA2=DY (1) /(DY (I~1)*¥(DY(I-1)+DY(1)))
AA3=(DY(1)-DY(I~-1))/7(DY(I1)*DY(I-1))
DQY(1)=AAL1*¥QF X (I+1)—AAZ2*¥QF X(1-1)+AA3*QGFX(I])
DQY(1)=DQY(I1)/NS(M)

CONT INUE

RETURN

END

FUNCTION FX(X)

FX=X®*%3/(EXP(X)~1e)

RETURN

END

FUNCTION FX1 (X)

COMMON /CONST6/ YHsYKeTB
FX1=X#A3/(EXP(YH®*X/ (YK*TB))~1)
RETURN

END

SUBROUT INE ENERGY

COMMON / BODY/ ZTA(20)s CK(20)e X(20)s DXeR(20)+BATA(20)s MUREF+EPS
COMMON /CONST/ GAMAWDY(S1)eY(51)eCC3(20451) +CCC1 4 ICONT

COMMON /CONSTI1/ ALAKsCTeKeK11eMBP+MAL sMA2

COMMON /CONST3/ AHZ (39 7)Y9AHP (347 ) sAH2P (34 7) ¢ AHE (34 7) e AHEP (347 )
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32
31

1

1
1

1

1

1

1
2
3

AE(3e7) +AH(347)+KE
COMMON /CONSTE/ YHsYKeTB
COMMON /DEF/ DVY(51)s DK(S1)e DMU(S1)s DPY(S51)e DUY(51)e DP1(51)
COMMON /DEPEND/ T(20451)«P(20+51)eD(20051)+U(20¢51)sV(20+51)eXHE(S
1)eXHH(S1)e XHIS1)eXHP(S1)eCP(51 )« XHEP(S1)+XHEZ2P (51 )+XEMIN(51)
'THR1 (51 )eTH(S1 )
COMMON /ENTH/ THHZ2s THHs THHESs THHPs THE
COMMON /HEAT/ QCONDIFUsRAT+QTOTL
COMMON /INF/ VINF« DINFJCPI
COMMON ZINF1I/ TINFs PREI+ VELOI+ DENIs Ms ALTs I111e CPI1+XH21
+ NORAD s NOPRE
COMMON /PERC/ VI(20)PINF(20)e ETHP (20)e DI(20)+CPL(20)s Q01 (20
PINFN(20)
COMMON /RAD/ COF1(58451)s QFXP(51)+QFXM(S1)+QFX (51 )¢DQY(51)
COMMON /SDFDIS/ NS(20)eNS1eNS24PS1+AS(20)
COMMON /SHOCK/ DSN(20) + TSNI(2C) s VSN(20)+USN(20) «+PSN(20)s MUSNI(20) e
TKSN(20) s ARFA(20)+CPSN(20)+sTHS(20)
COMMON /SPHT/ CH2(S1)sCH(S51)sCHP (51 )1+CHE(S1)
COMMON /TRANS/ TK(51)«MU(S1)+TKDI

DIMENSION A2(51)sA3(S51)9A4(51)+AN(S1)BNIS1)CN(51)+DN(51)

E(S1)F(51) +DPX (51 )+DNS(20)+DTS(20)DPS(51)+A1(51)
+DHP(51)s DHE(S1)s DH(51)s DH2(51)e PR(51)sDPR(51) +DE(S51)
+CH2P (51 )+CE(S1 ) DPCI(51)+DTH(S1) «PCI(51)¢DTHS(20)

REAL MUHHs MUHE s MUH«MUD+MSD s MUSMAC ] +MUREF «MUSN NS sNS1 +NS2
IF (NORADeNEsl)Y GO TO 31

DO 32 N=145]1

QF XP (N) =0

QF XM (N) =0

QFX(N)=0e

DQY(N)»=0

CONT INUVE

HX21=XxXH21

VIiMeS1)=1e

UiMiS51)=1.

D{M51)=1.

P(MeS1)=10

TH(S1)=1e

T(MeS1)=10

T(Me1 )=TBH*¥CP I/ (VINFREVINF¥*TSN(M))
PRS=CPSN (M) *¥MUSN (M) /TKSN (M)

DO 131 N=1e 51

AAA=XHH (N)*¥2+XH(N)+XHP (N)+XHE(N) ¥4 +XEMIN(N) %0 +5486E~-3
CH2 (N)Y=XHH(N)*2/AAA

CH(N)= XH(N)/AAA



(VR

131

CHP(N)Y=XHP (N)/AAA
CHE(N)=XHE(N)/AAA¥%4,

CE(N)=XEMIN(N)*0,5486E-3/AAA
PR(N)=CP(N)¥MU(N)/TK (N)

CH2P (N)=0o

CONT INUE

DO 2 N1=1449

N=51-N1

AAA=DY(N)#*#{ DY (N—1)+DY(N))

AA1=DY (N-1)/AA4

AA2==DY (N)/Z (DY (N=1)%(DY{(N=1)+DY(N)))

AA3z=4+ (DY (N)=DY (N=~1) )/ (DY (N)*DY (N-1))
DMUN)=AAL ¥MU(N+] Y +AA2EMU(N=1 ) +AAI*MU(N)
DK(N)=AAI*#TK (N+1)+AA2¥TK (N~1)+AA3*TK (N)

DPY (N)=AAL*¥P (MgN41 ) +AA2H¥P (MyN—=1 )+AA3Z*P (MyN)
DUY(N)I=AAIRU(MIN+1 ) +AA2HU(MeN=1 )+AAZXU(MsN)
DVY(N)=AAI*V(MsN+1 )+AA2¥Y (MyN=1 ) +AA3XV (MsN)
DHP (N)=AA1*CHP (N+1 )+AA2%* CHP (N=1)+AA3%CHP (N)
DHE (N)=AA1%CHE (N+1)+AA2% CHE (N=1)+AA3%CHE (N)
DE (N)=AALI¥CE (N+1)+AA2% CE (N=1)+AA3%CE (N)
DH2(N)=AA1%CH2 (N+1 ) +AA2¥* CH2(N-1)+AA3¥CH2 (N)
DH (N)=AA1%#CH (N+1)+AA2*% CH (N=1)+AA3%CH (N)
DPR(N)=AA1%#PR (N+1)+AA2% PR (N-1)+AA3*PR (N)
CONT INUE '
DHE(1)1=((CHE(2)-CHE(1))/DY (1) +DHE(2))/2
DHP(1)=((CHP(2)~CHP(1))/DY(1) +DHP(2))/2
DH2(1)=((CH2(2)-CH2(1))/DY (1) +DH2(2))/2

DH (1)=((CH (2)-CH (1))/DY(1) +DH(2))/2

DE (1)=((CE (2)~CE (1))/DY(1) +DE(2))/2
DPR(131=(PR(2)-PR(1)) /DY (1)

DPR(51)=04

DMU(1)=(MU(2)=MU(1))/DY(1)

DK (1) =(TK(2)-TK(1))/DY (1)
DPY(1)=(P(Ms2)=P(Me1))/DY (1)
DUY(1)=(UMs2)=U(Ms1)) /DY (1)
DK(51)=—(TK(50)-TK({51))/DY(50)
DPY(S51)==(P(MsS0)-P(Ms51))/DY(50)

DUY (51 )==(U(MsS0)=U(Me51)) /DY (50)
DVY(1)=(VIMe2)=V(My1))/DYL(1)

DMU(S1 )= (MU(S51 )=MU(50) ) /DY (50)
DVY(51)=(V(Ms51)-V(MeS0))/DY(50)

KE=1

DO 101 N=14K11
TEMP=T(M«N)*TSN(M)*VINF*%X2/CP]
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106

54

101

102

1

-

CALL ENTHALP (TEMP+CH2 (N)+CH(N)+CHE (N)sCHZP (N) +CE(N)+CHP(N)+CPC»

ENTHC)H
KE=2
IF (NeNEs1) GO TO 106
TH(I)=(ENTHC/ (VINF%#2) )y/THS (M)
ANDO= VINF%*%2

THH2=THH2/ (2*ANDO)

THHE=THHE / (4%*ANDO)

THE=THE/ (0«5486E~-3#ANDO)

THH=THH/ANDO

THHP=THHP/ANDO

SGM=DH2 (N)*¥THH2+DH (N ) * THH+DHE (N) *THHE+DHP (N)*#THHP +DE (N)*THE
SGM=SGM/ (23901E-~-8)

IF (N eNEe 1) GO TO 5S4

DIF==1¢ 1 *MU(N)XMUSN (M) XSGM/NS (M) /PR (N)
PCI=MU(N)/PR(N)*0 o1 *SGM

PC2=MUSN (M) #USN (M) % X2%RCK (M)I)¥MUN)I I (MsN)I%X2/ (1 +NS(M)IRY(N)RXCK (M)})
PC3=MUIN)I*U(MIN)HUSN (M) *¥%2% (PRS*¥PR(N)=1 ) *¥DUY (N)/PR(N)
PCI(N)=MUSN M)/ (INS(M)*¥PRS)»* (PC1+PC3)-PC2

CONTINUE

KK=K11=-1

DO 102 N=2+KK

AA4=DY(N)I*( DY(N~-1)+DY(N))

AA1=DY(N=~1)/AA4

AA2==DY (N)/ (DY (N=1)Y*¥ (DY (N-1)+DY (N} }))

AA3=4+ (DY (N)~DY (N-1))/ (DY (N)Y*DY{(N-1))

DPCI(N)Y=AALI #PC] (N+1 Y+AA2HPCI (N=1)+PCI (N)¥*AA3

CONTINUE

DPCI(K11)=DPCI1 (KK)

DPCI(1)=(PCI(2)-PCI(1))/DY (1)

IF (MeGTel) GO TO S

NS1=NS(1) ,

PS1=PINFN(M) +(le—=1¢/DSN(M))

DO 6 N=1+K11

ABL1=DMUIN)I/MUIN)I-DPR(N)/PR(N)I+2*NS1/ (1 +NS1*Y (N))

Al (N)=AB1=-NS1*#DSN (M) #¥PRSXVSN(M) XD (MsN)XPR (N)¥V (M¢N )/ (EPSHX*2XMUSN (M
YEMU(N) )

A4 (N)=0

A2 (N)=0o

AB2=PRS*¥NS1 #¥#2%PR (N)/ (MUSN(M)*¥THS (M) ¥MU(N))

A3(N)I=AB2*¥ (DPCI (N)/NS1+2¥PCI(N)/ (14+NS1*Y(N)) )
A3(N)=A3(N)-(ABZ2/EPS**2)# (DAY (N)+QF X (N)Yy* (2/(1+ NS1 *¥Y(N)YIY) )
AZ(N)I=A3(N)+DPY (N)I®VS N1 )%V (1 «N)¥PSN(1 )*¥AB2/ (EPS**2#NS1 )

6 CONTINVE
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66
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GO TO 10

DO 11 N=1,K11

DPX(N)=(P(MeN)—P (M= ¢N) ) /DX

CONT INUE

IF (MqEQeMBP) GO TO 59

DTHS(M)=(THS(M+1)~THS(M-1) )/ (2%DX)

IF (1111eEQel) GO TO 50

DNS(M)I=(NS(M+1)~NS(M=~1))/(2*DX)

GO TO 52

IF (I1111sEQel) GO TO SO0

DNS (MBPRP )= (AS(MBP)~AS(MA2)) /DX

DTHS(MBP )= (THS (MBP)-THS (MA2) )/DX

GO TO S2

DNS(M)=0

IF (MeNEeMBP ) GO TO 52

DTHS(MBP )= (THS (MBP)Y-THS(MA2) )/DX

DO 12 N=1.+K11

TCl=1+4 Y{N)IRCK (M) #NS (M)

TC2=zEPSHE2¥MUSN (M ) ¥MU(N)

TC3=COS(ZTA (M) )/ (RIMI+NS (M) *Y(N)RXCOS(ZTA(M)Y) )

AB3=DMU (N)/MU(N)-DPR(N)/PR(N)Y+NS(M)*(CK(M)/TC1+TC3)
AB4=(DNS(M)XUSN(M)IXY (NIHU(MsN)IXD (MeN)/TC1-VSN(M)XD (MeN)*#V (MeN))
Al (N)=AB3+DSN (M) %#¥PRSH*¥PR(NIANS(M)/TC2*ABa
ABS=PRS*¥PR(N)¥NS (M) ##2/ (MUSN (M) ¥*MU(N)I¥THS (M) )

A3 (N)=ABS¥(DPCI (N)/NS(M)+(CK(M)/TC1+TC3)*PCI1 (N))
A3(N)=A3(N)-(ABS/EPS*#2)® (DQY (N)+QF X (N)* (CK(N)/TC14TC3) )
A3(N)Y=A3(N)+DPY (N)*ABSEVSN(M)*V (MeN)I/NS(M)¥PSN(M) /EPS*#x2
AG INY=PRSE¥NS (M) #X2%*DSN (M) ¥USN (M) *¥PR(N)I¥U(MNI¥D(M«eN)/(TCI2TC2)
A4 (N)=-A4 (N)

A2 (N)=A4 (N)YXDTHS (M) /THS (M)

CONT INUE

DO 20 N=2.K11
AN(NI=(Z2e+A1 (N)¥DY(N-1))1 /(DY (N)+DY(N=1))/DY (N}
BN(N)=(2¢=A1 (NI ¥ (DY (N)=DY(N=11))I/(DY(N)®DY (N-1))=-A4(N)/DX-AZ2(N)
BN(N)=—8BN(N)

CNI(N)=(2e¢-A1 (IN)*¥DY(N) I/ (DY (N=1)IR(DY(N)+DY(N-1)))

IF (MeGTel) GO TO 18

DN(N)=A3(N)

DN(N)==DN(N)

GO TO 20

DN(N)=A4A (N)/DX®*THP1 (N) *(-1)+A3(N)

DN (N)==DN(N)

CONTINUE

E(1)=0e
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F{1)=TH(1)
DO 22 N=2,4K11
E(N)I==AN(N) /(BN IN)I+CN(N)®E (N-1))
FAN)=(DN(N)Y=CN(N)*F (N~1))/(BN(N)+CN(N)I*E (N-1))
22 CONTINUE
DO 24 N1=1+49
N=51-~-N1
THIN)=E (N)®*TH(N+1 Y+F (N)
24 CONTINUE
YHZ2P=0e
DO 108 Na=2,50
N=52~N4
RHO=D(MsN)®DSN(M)IXDINF#1000
145 TSS2=T(M«N)RTSN(M)I*VINF**%2/CP1
146 CALL NOBDEN (TSS2+ RHOs H2sHsHPLUSWHEs HEPLUS+ HEZ2PLUSEMINUS,

1 XHZ21)
CALL VOLMAS (H2eHs HPLUS+HE+» HEPLUS +HE2PLUS+EMINUSsYH2s YHe YHP,
1 YHEs YHEP«YHEZ2Ps YE)

CALL ENTHALP (TSS2¢YH2e+YHeYHE+YH2P s YE¢YHPsCPCesENTHC)
THO= (ENTHC/VINF®¥Z24+U (MsN) ¥ %2 /2¥USN (M) ¥#2)
137 DTHO=THO-TH(N)*THS (M)
TSS83= TSN(M)RVINF¥*2/CPI*# (T (Me«N +1)-005)
110 CALL NOBDEN (TSS3e+ RHOs» H2+HIHPLUSHEs HEPLUSs HEZ2PLUSIEMINUS,
1 XHZ21)
CALL VOLMAS (H2sHs HPLUSHE e« HEPLUS +HE2PLUS+EMINUSsYH2e YHs YHP
1 YHEs YHEPYHEZP+ YE)
CALL ENTHALP (TSS3eYH2+YHeYHEWYH2P s YEsYHP +CPC+ENTHC)
THI=(ENTHC/VINFX*%¥24+U (MeN) ¥X2 /2FUSN (M) #%2)
136 DTHI=THI-TH(N)I*THS (M)
111 IF (ABS(DTH1/TH1)eLT4+0401) GO TO 109
SL=(DTH1-DTHO )/ (TSS3-TSS2)
TSS2=TSS3
DTHO=DTHI1
TSS3=T5S2-DTHO/SL
GO TO 110
109 T(MeN)=TSSIHCPI/IVINFRVINFR*TSN(M))
108 CONTINUE
DT1=(T(Ms2)-T(Ms11))/DY (1)
DT2=DT1#TSN(M)/NS (M)
QCON=TK (1 )*TKSN (M )+ DT2REPS*X2%(~1)
DIFU=DIF*EPS*%2
QTOTL=-1%(QCON+DIFU)
RETURN
END



Ve

SUBROUT INE VOLMAS ( H2 +HeHPLUSIHE +HEPLUS +HE2PL US+EMINUS s CH29sCHes CHP
1 s CHE +CHEP+CHE2P 4 CE)

AA] =H2 +H+HPLUS+HE+HEPLUS+HEZ2PLUS+EMINUS
XH2=Ha/ AAl

XH=H/AA1

XHP=HPLUS/AAL

XHE=HE/AA1

XHEP=HEPLUS/AA1

XE=EMINUS/AAL

AA2=XH2*¥2+XHE*4+XH+XHP +XHEP*#4+XE*0 ¢ 548B6E—-3
CHZ2=XHZ2*2/AA2

CH=XH/AA2

CHP=XHP/AA2

CHE=XHE#4/AA2

CHEP=XHEP#*4/AA2

CE=XE¥*0+548B6E-3/AA2

RETURN

END

SUBROUT INE MOMENTM

COMMON / BODY/ ZTA(20)s CK(20)s X(20)s DXeR(20)+BATA(20) ¢ MUREF +EPS
COMMON /CONST/ GAMA DY (51)sY(DS1)+CC3(20451) +CCC1l4ICONT

COMMON /CONST1/ ALsAKsCTsKiK11 +MBPIsMAL1 +MA2

COMMON /DEF/ DVY(S1)s DK(S51)s DMU(S] )e DPY(31)s DUY(51)s DPI1 (51)
COMMON /DEPEND/ T(20451)4P(20+51)¢D(20+¢51)s0U(20¢51)¢V(20¢51)sXHE(S
11)eXHH(S51)e XH(S1)eXHP (S1).CP(51)

COMMON /INFI/ TINFs PREIs VELOls DENIs Ms ALTs 1111s CPII

COMMON /INF/ VINFs DINF.CPI

COMMON /PERC/ VI(20)+PINF(20)s ETHP(20)s DI(20)¢CPL(20)s QO01(20)
1 PINFN(20)

COMMON /SDFDIS/ NS(20)+sNS1sNSZ2+PS1+AS(20) ¢NSS2

COMMON /TRANS/ TK(51)sMU(51)

COMMON /SHOCK/ DS(20)s TS(20)s VS(20)s US(20)s PS(20)sMUS(20) ¢ TKS(
120)4ARFA(2D)

DIMENSION P1(51)4P2(51)sU1(S51)9E1(51)1+F1(51)¢81(51)4B2(51)+8B3(51).
1B4(51)+DPX(51) AN1(51)¢BN1(51)+CN1(51)¢DN1 (51 )eDNS(20)
2 DPS(20). DVS(20)+DVX(S51)+DUS(20)

REAL MUREF s MUHH MUHE s MACT +MUIMUS ¢sMUHINSS] ¢NSS2¢NSS3

REAL NS s NST ¢+NS2¢ INTGA L INTGB s INTGCs INTGD« INTGE ¢ INTGF
IF(MeGTe1)GO TO 1

P1(51)=1e

PS1=PINFN(M) +(le=1e¢/DS(M))

IF (1111eGTel) GO TO 2



SET

NS2=0
NS1=NS(1)
PS2==(1e=1e¢/DS(M))
P2(511=0.
US1=1le
DO 5 N1=1,4+50
N=52-N1 .
P2(N=1)=~-DY(N=1 )% (DS(M)XUS1*#¥2ENSI¥D(MsN)I¥U(] +NI¥¥2/(PS1#(1e+Y(N)*
INS1)))+P2(N)
Pl1(N-1)=1.
S CONTINUE
GO TO 24
2 NSZ2z(AS(3)-AS(1))/(4.%¥DX%%2)
NS1=NS(1)
US1=1e=2e¢*NS2/(1e+NS1)¥*(1e-1/DS(1))
PS2=(1e=(1e¢/DS(1)))%¥(1e—2e%NS2/(1e+NS1))RX2¥(—1,)
P2(51)=0.
DO 23 N1=1,50
N=52-N1
Cl1=DS(M)¥US]IHXA2#NS]1 D (MyNIKU(MIN)H%2/(PS1%(1+Y(N)¥NS1))
Cl12=2%#DS (M) *¥US] ¥NS2*#VS(M)IXD(MsN)IKU(M+NI¥Y (NI¥DVY(N)I/(PS1*(1e+Y(N)*
INS1))
C13=PS2%¥DS(1) HD (L oNIRVS (] ) #X2AV (1 4N)/ (PS1%*X2)XDVY (N)
P2(N~1)==DY(N=-1)*(C11+C12+C13)+P2(N)
23 CONTINUE
DO 99 N1=1+50
N=52-N1
I=N-1
PIIN=-1)=(=VS(1)*%2%¥DS(1)%¥D(1+ 1) ¥V {1+ 1)XDVY(1)/PS1)¥(=DY(1))+P1(N)
99 CONTINUE
24 DO 7 N=1,4K11
Bl (N)=DMU(N)/MUINI+2e¥NS1/(1 «+NSL1¥Y (N))-NSI1¥DS (1 )¥VS(1)1#D (1 +NI¥V (1
1eN)/(EPSHER2X¥MUS (] )¥MU(N) )
7 CONTINUE
DO 8 N=1sK11
BB1=DMU(N)/MUN)I+NSI/ (1 +NS1%#Y(N))*2 4
BB2=DS(M)#NS1#US1 *MU (N) XD (MsN)/ (EPS*X2XMUS (1 )¥MU(N) )
BB3=NSI*¥DS (1) #VS(1)¥D(1eN)¥V(1eN)/(EPSH**#2%¥MUS (1 )¥MU(N))
B2(N)=~(NS1/(1+NS1¥Y (N)))*(3B1+BB2+BB3)
8 CONTINUE
DO 9 N=1+K11
DP1 (ND=(P1(N+1)=-P1( N ))/DY(N)
9 CONTINUE
DO 10 N=14K11
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CC1=P2(N)+PS2%P1 (N)/PS1-~-NS2*Y(N)*¥DP1 (N)/NS1
CC2=~2+¥PSIHNS 1 #¥%2/ (EPSHHX2¥MUS (1 )* (1 e +NS1IHY (N) IRUS]1*MU(N)Y)
B3 (N)=CC2*CC1
10 CONTINUE
DO 11 N=24Kl11
ANT (N)=(2¢+B1 (NI X¥DY(N-1)) /(DY (N) ¥ (DY (N)I+DY(N-1)))
BN1(N)==(2¢-Bl (N)Y*¥(DY(N)=DY(N=1)))/(DY(NIXDY (N-1))+B2 (N)
CN1(N)=(2¢=-Bl (N)¥DY (NI )/ (DY (N=1)*¥(DY(N)+DY(N=-1)))
DN1(N)=B3(N)
DN1 (N)=-DN1 (N)
11 CONTINUE
E1(1)=0e
F1(1)=00
DO 12 N=2.K11
E1 (N)==AN1 (N)/ (BN]1 (N)+CN1 (N)¥*E1l (N~-1))
F1(N)=(DN1> (N)=CN1 (N)*F1(N-1))/7(BN1 (N)+CN] (N)*E]l (N~1))
12 CONTINUE
UlMeS1)=1e
U(Me1)=0,
DO 13 N1=1+49
N=51-N1
U(MeN)I==AN1 (N)/ (BNl (N)+CN1 (NI¥E] (N=1))*U(MsN+1 )1+ (DN1 (N)=CNI1 (N)*F] (
IN=1))/(BN1(N)+CN1 (N)*¥E1(N~1))
13 CONTINUE
INTGA=0e
INTGB=0+
DO 14 N=1,4K11
INTGA=DY (N)/2e¢® (D{MN+1)¥U(M«N+1 I+D(MeNI®U(MsN) I+ INTGA
INTGB=DY(N)/2¢* (D(MeN+1)XU(MeN+1 )XY (N+1)+D(MsN)I*U(MINIXY(N) I+ INTGB
14 CONTINUE
VS11=VS (M)
A11=(VS11 +2%USI1*INTGB)
Bll1=(2e¢%VS11 4+2%INTGA¥US1)
NS1=(—-Bl11+(Bl1¥#¥2-4+%#A11%VYS11) *¥%0,5)/(2.%A11)
NS (1 )=NSI+NS2*BATA(] )*#2
DA=1s
DO 330 N=2+50
DB=(1e¢+NS1%*#Y (N))
DC=(DB¥D (1 +NIX¥U(]1 +NI+DA*D (1 ¢N=1)¥*U(1 +N~1)) /26 ¥*¥DY(N~-1)
V(1eNI=1 e/ (DBRRZ2RVS(MIKD (MeN)I® (DAXRRZ2RVYS(M)I*D (MeN=~1 )%V (] «N=-1)~24
1 ¥NS1*¥US1%DC)
DA=0DB
330 CONTINUE
DO 26 N=1,4K



LET

P(14N)=P1 (N)+P2 (N)*BATA (1) *#%2
26 CONTINUE
GO TO 28
1 IF (I111eGTel) GO TO 40O
DNS (M)=0
GO TO 42
40 IF (MeEQ.MBP) GO TO 33
. DNS(M)=(AS(M+1)=AS(M=1))/(2¢*DX)
GO TO 42
33 DNS(MBP)=(AS(MBP)~AS (MA2))/DX
42 DO 44 N=1.K11
D11=DMU(N)/MU(N)+NS (M) *CK (M) / (1 s +NS (M)*Y (N)%#CK (M) ) +NS (M) *COS (ZTA (M
1))/ (RIMIENS (MI%Y (NY*COS(ZTA(M)))
D12=NS(M)*DS (M) *#US (M)XDNS (M) ¥D (MsN)*U (MaN)*Y (N)/ (EPS*%2%¥MUS (M)* (1 o
1+NS (M)*Y (N)*CK (M) ) ¥MU(N) )
B1(N)=D11+D12-NS(M)*DS (M)*¥VS(M)*¥D(MaN)I¥V (MsN)/ (EPSH¥2%MUS (M) *MU (N)
1)
44 CONTINUE
DUS (M) = (US (M)-US (M=1) ) /DX
DO 45 N=1,K11
D21=-CK (M)%NS (M)%¥DMU (N)/ ( (1 e+NS{M)%Y (N)XCK (M) ) ¥MU (N) ) =CK (M) %% 2%NS (
IM)%%2/ (1 e +NS (M) %Y (N)%CK (M) ) ¥ %2
D22==COS(ZTA (M) ) ENS (M) ##2%CK (M) /7 (R{M)+NS (M)*Y (N)¥COS (ZTA(M) ) )/ (1 e+
INS(M)*CK (M) *Y (N))
D23==DS (M) #NS (M) %%2%DUS (M) *U (MsN) %D (MsN) / (EPS*¥2%MUS (M) * ( 1 +NS (M) #Y
1 (ND*CK (M) ) ¥MU(N) )
D24==NS (M)*%¥2%¥DS (M) *VS (M) ¥CK (M) ¥D(MN) ¥V (MsN)/ (EPSER2¥MUS (M) * (1 o +
INS (M) *Y (N)¥CK (M) ) *¥MU (N))
B2 (N)=D21+D22+D23+D24
45 CONTINUE
DO 46 N=1.K11
DPX(N)=(P(MsN)=P (M=14N) ) /DX
46 CONTINUE
DPS (M) = (PS(M)=PS (M=1)) /DX
DNS (M) = (NS (M)=NS (M=1) ) /DX
DPY(K)==(P(MyK=1)~P(MsK))/DY (K=1)
DO 48 N=1,K11
D31=(DPX (N)+DPS (M) *P (MysN) /PS (M) =DNS (M) *Y (N) *DPY (N) /NS (M) )
D32=-PS (M) *NS (M) #%2/ (EPS¥#2%MUS (M) % (1 « +NS (M) *Y (N ) *#CK (M) ) ¥MU (N ) ¥US (
1M))
B3(N)=D31#D32
48 CONTINUE
DO 49 N=1.K11
B4 (N)=DS (M)*US (M) ¥NS (M) ¥%2¥D (MsN)¥U (MsN) 7 (EPS*%2%MUS (M)* (1 e
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49

50

54

56

101
59

IT+NS(M)RY (N) #CK (M) ) #¥MU(N) )

B4 (N)=-B4 (N)

CONTINUE

DO 50 N=2.K11

AN1 (N)=(2e+B1 (N)*¥DY (N-=1)) /(DY (NI ¥ (DY (N)I+DY(N-1)))

BN1 (N)=—(2e=B]1 (N)¥(DY(N)=DY(N=1)))/(DY(N)*¥DY (N-1))+B2 (N)+B4 (N)/DX
CN1(N)=(2¢-B1 (N)¥DY(N))/(DY(N=1)¥(DY(N)+DY(N=~1)))

DN1 (N)=B3 (N)-B4 (N)/DX¥*¥U(M-1+N)

DN1 (N)==DNI (N)

CONT INUE
E1(1)=00
F1(1)=0e

DO 52 N=2..K11

E1 (N)Y==AN1 {N)Z7(BN1 (N)Y+CNI (N)*E1 (N-1))
F1(N)=(DN1(N)=CN1 (N)Y*F 1 (N=1))/7(BN1(N)+CN1(N)I*¥E1 (N—-1))

CONT INUE

U(MeKY=1

DO 54 N1=1,449

N=51-N1

U(MsN)=~ANT (N) /7 (BN1 (N)+CN] (N)*EL (N=1))*U(MN+1)+(DN1 (N)=CNI1 (N)*F1 (
IN=1))/(BN1 (NY+CN1 (N)*E1 (N-1))

CONTINUE

INTGD=0+

INTGE=O0e

ANTGM=0

ANTGN=0

DO 56 N=1.K11

INTGD=DY (N)/2+%(D{(MsN+1 )1 ¥UIMN+1I+D(MaNIFU(MeN)I I+ INTGD
INTGE=DY(N)/2¢% (D(MaN+II¥UMIiNFIIRY (N+1I+D(MaNIXU(MaNIXY (N) I+ INTGE
ANTGM=DY (N) ¥ (D (M=1 s N+1 ) HU(M=1oN+1 )XY (N+I I4+D{(M=1 NI #U(M=1 e NI XY (N))/
12¢+ANTGM

ANTGN=DY (N) ¥ (D (M=1 ¢ N+ 1 ) ¥U{(M~1 eN+1 14D (M=1 +NI¥U(M=1sN))/2¢+ANTGN
CONT INUE

CC1=INTGE*COS(ZTA (M) )»*XDS(M)*¥US (M)

CC2=INTGD*R (M) ¥#DS (M)*US (M)
CCB8=ANTGM*COS(ZTA(M—1))*¥DS(M-1)¥US(M~-1)
CCO=ANTGN#¥R (M=1 ) *¥DS (M—-1)I#¥US(M-1)

I[IF(I111«EQel) GO TO 83

IF (MeEQeMBP) GO TO 101

DNS{(M)I=(AS(M+1 )-AS(M-11)/(2«%DX)

GO TO 59

DNS(MBP )= (AS(MBP)—-AS(MA2))/DX

1=M~1

DNS(I)=(AS(1+4+1)Y=AS(I~1))/(2%DX)
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GO TO 84
83 DNS(M)=0.

I=M-1

DNS(1)=0.
84 AAl1=CCl

BB1=CC2

CCI=—(CCBANS([)Y**¥2+CCIO*NS( 1))

CCI=CCI+(RCIN+NS (1) *#COS(ZTA(I))) *( (1e+NS(II*CK(I1))*DS(1)*¥VS(])

1 ~DNS(1)%¥DS(1)*¥US(1)¥*DX

XX1=CCl +DX%¥DS (M} ¥VS(M)XCOS(ZTA (M) ) ¥CK (M)

XXz2=Ccc2 +DX*¥DS(M)*VYS (M) ¥R (MYXCK (M)

1 +DX*¥DS(M)*VS (M) #COS(ZTA(M))=-COS(ZTA (M) ) *#DS (M) *US

1 (M)*¥DNS(M)*DX

XX3=~(CCB8* (NS(M—1 ) *%¥2)+CCOXNS(M-1) —DX*¥DS (M )* VS (M)¥R(M

1 )+DX*¥R (M) ADS (M)Y¥US(MIXDNS (M) )

NSS1=(~-BB1+ (BB1 ¥%¥2=4 ¥AA1¥CCI )X H0,5)/ (2+%AAL)
NSS2=(~XXZ2+ (XX2¥ %24 ¢ ¥ XX 1 ¥XXI)¥¥05)/ (2e%¥XX])
NSS3=(NSS2~NSS51 ) /NSS2

331 ADC=0e5

340 NS(M)=ADCHNSS2+ (1 «e~ADC)*#NSS1
IF (NSS3¢L.TeOe15) GO TO 82

75 SS1=NS(M)-NS(M-1)

IF (SS1eGTe0e) GO TO 335
ADC=ADC+04011
GO TO 340

335 SS2=5S1/NS(M-1)
ZZ=0e02%#M=0,02
IF (SS2eLTeZZ ) GO TO 82
ADC=ADC-04007
GO TO 340

82 CONTINUE
INTGF=0+
DO 58 N=1 449
CC3(14N)=00
INTGF=DY (N)/2e* ({ (RIM)I+NSS2 *¥Y(N+1)XCOS(ZTA(M)I)II¥D(MiN+1I¥UIMIN+1Y+
1 (RIM)IHENSS2 *Y(N)I*¥COS(ZTA(M)I)IIXD (MyNIX¥U(MsN) Y+ INTGF

CC3(MiNI=INTGF®#NSS2 *DS(M) *US (M)
DDOD=(CC3(MIN)I=CC3(M=14N) ) /DX

K=N+1

EEE=(R(M)I+NSS2 *Y(K)*COS{ZTA(M) ) )% (1 e+NSS2 ¥Y (K %CK(M))IXDS(M)*VS(M
1)%¥D(M.K)

FFF==(R(M)+NSS2 *Y(K)*¥COS(ZTA(M)) )#DNS(M)¥Y(K)¥DS(M)XUS(M)*¥D(MeK)*
1U(MK)

V(M.K)=-(DDD+FFF)/EEE
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58 CONTINUE

ANTGF=0se

DO 351 N=1+49

ANTGF=DY(N)/2¢ % ( (R(M)ENS (M) *Y (N+]1 )¥COS(ZTA (M) ) I*D(MeN+1»RUMIN+1 )+

1 (RIMIENSIMYFY(NIRCOSIZTAM) ) IXD IMeNI®U(MIN) )+ANTGF

CC3(MeN)=ANTGF *#¥NS (M) *¥DS (M) *¥US( M)y
351 CONTINUE
350 P(M¢K)=1le

IF (I111eGTel)y GO TO 60

DO 62 N1=1+50

N=51-N1

P(MeNI=P(MaN+1)

1)Z{PS{MIF(] e+N
62 CONTINUE

GO TO 28
60 DVS(M)=(VS(M)-VS(M-1))/DX

DVX (51 )=2(V(M«S1)=-V(M=-1:51))/7DX

GB8=1¢/(1e¢4+NS(M)IXCK (M) )®(DVS(M)/VS(M)+DVX (51 )=-DNS(M)I¥DVY(S1)/NS(M))

GO9=VS(M)¥DVY (51 )/US (M) /NS (M)

GlO0=—-US(M)I¥CK(M)/(VS(M)* (1 e+NS(M)X¥CK(M)))

G7=PS(M)/ (DS (M)X¥US(M)*¥VS(M)I¥NS(M))

AING1=(GB+G9+G10)/G7
64 DO 68 N1=1+K11

N=51-N1

IF (MEQeMBP) GO TO 93

DVX(N)I=(V(M+]1 sN)=V(M=14N))/DX/20

GO TO 94
93 DVX(N)=(VI(MBP«N)=V(MAZ+N))/DX
94 GA=D(MINIXU(MINI/Z (1 +NS (M) XY (NIRCK(M))I*(DVS(M)XVIMIN)/VSIM)I+DVX(N) -~

1DNS (M) *Y (N)#DVY (N)/NS(M))

GS5=VS(M)XD(MeN) ¥V (MsN)*¥DVY (N)I/US(M)I/NS (M)

GH6==US (M) ¥CK (MIND(MNIKU(MeN)IR¥2/ (1 o tNSIMI¥Y(N)IXCK (M) )/VS(M)

AING2=(G4+GS5+G6) /G7

PIMiNI=P (MsN+1 I4DY(NI®¥ (AINGI+AING2) /20

AING1=AING2
68 CONTINUE
28 DO 79 N=1,4K11

PP=P (M« N)%¥PS (M)

PP =PPXDINF*VINF®%2

TT=T(MsN)XTS (M)

TTI=TT*VINF*%#2/CP1
105 PP2=(PP1/1013250, ) %*AL

IF (TT1eGTe8500) GO TO 71

CTA=CTX0.9075

-DY(
{My*

7

>

VENS (M) %D (MaNIXDS( M ) RU(MIN) ¥ H2HUS (M) #X2*CK (M
(N)¥CK (M) ))

‘
-

<
>

Z
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71
73
61

79

CTT=(CT-CT3)*#(T-4000)/4500+CT3
TT2=TT1/CTT

GO TO 73

TT2=TT1/CT

DD1=04001292% (PP2/TT2)%¥ (1 e/AK)
DD=DD1 /DINF

D(MsN)=DD/DS(M)

CONT INUE

RETURN

END



